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Abstract 
Abstract 
The principals and forces driving evolution have with typical elegance generated 
several classes of "selfish" genetic elements that spread within host populations, 
often at their expense. Their study has for many years represented one of the most 
interesting questions of evolutionary biology. The realisation however that these 
also represent an immense potential to control some of the world's most endemic 
diseases has fuelled an ambition to manipulate these "selfish" elements to spread 
engineered genetic modifications, that prevent the transmission of insect-borne 
pathogens, from few laboratory-bread individuals into natural populations. 
This project has focused on assessing the suitability of using one type of these 
genetic elements, re-engineered Homing Endonuclease Genes (HEGs), for 
developing a gene drive system for Anopheles gambiae mosquitoes, the principal 
vectors of malaria in Africa. Naturally, homing endonucleases promote the 
movement of their encoding DNA from one allele to the other by cleaving highly 
specific DNA sequences in host alleles that lack the HEG. Processing of the broken 
ends by the host's repair machinery then copies the HEG allele into the cut 
chromosome, as a virtue of the HEG's position in a homologous, previously 
processed allele resulting in a dominant transmission of the HEG allele. Recent 
progress in the re-engineering of homing endonuclease site specificities has paved 
the way for the development of novel vector control strategies advocating the use of 
HEGs to diminish mosquito population fitness or parasite susceptibility at the 
population level. 
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Abstract 
This thesis reports on our studies assessing the behaviour of HEGs in the genome 
of our target mosquito species. In addition the thesis also describes the 
development of novel genetic tools, which may improve the prospect of using HEGs 
in the ultimate goal to adopt these to control natural mosquito populations. Initially, a 
variety of functional assays were developed to assess the activity of two HEGs, I-
Scel and I-Ppol, in A. gambiae cell lines and embryos. These confirmed that HEGs 
are highly specific to their target sequence, can induce both homologous and non-
homologous repair events in the mosquito genetic backgrounds and are unlikely to 
induce genetic toxicity associated with off-target site cleavage events, as often 
observed with engineered zinc-finger endonucleases. This study also reports on the 
development of novel germline-specific promoters suitable for expressing HEGs in 
the mosquito germlines. To this aim, regions spanning putative regulatory 
sequences of the An.gambiae vasa gene, which is exclusively expressed in both the 
male and female mosquito germlines, were evaluated for their ability to drive the 
expression of an eGFP reporter gene in An.gambiae transgenic lines. Finally, based 
on the finding that I-Ppol cuts genomic sequences exclusively located on the X 
chromosome in A. gambiae, a mosquito control strategy based on the distortion of 
the natural sex ratio was devised and appropriate transgenic lines were developed. 
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1. Introduction 
1.1. Malaria — a global situation 
Malaria claims over 2 million lives per year, predominantly in sub-Saharan 
Africa, mostly those of children under the age of 5 (Gardiner et al., 2005). It remains 
the third leading cause of death attributable to infectious diseases. Recent 
estimates of the annual number of clinical malaria cases worldwide range from 214 
to 397 million (Breman et al., 2004; Graves and Gelband, 2006); whilst up to 48% of 
the world's population live in endemic countries (Hay et al., 2004). Human malaria 
is caused by four species of the parasitic protozoan Plasmodium, of which P. 
falciparum is responsible for almost all mortality and most of the morbidity. The 
parasite is transmitted to humans exclusively by female mosquitoes of the 
Anopheles genus. 
In 1955 the World Health Assembly, currently the world's most prominent 
health policy setting body, conceived the first global approach to malaria eradication 
and in 1957 approved the global campaign of malaria eradication launched by the 
World Health Organisation. Since the turn of the century, global efforts have 
switched to controlling rather than eradicating malaria and in 1998 the roll back 
malaria initiative (RBM) was launched with the optimistic aim of halving malaria-
associated mortality by 2010. Regrettably, recent reports suggest that milestone 
expectations are not going to be being met and that, on the contrary, malaria 
morbidity has essentially increased since the formation of the RBM initiative 
(Yamey, 2004). 
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1.2 The Plasmodium life cycle 
Malaria is caused by protozoan parasites of the genus Plasmodium, phylum 
Apicomplexa, of which four species: P. falciparum, P. vivax, P. malariae and P. 
ovale infect humans (Sherman, 1998). Transmission of the parasites to humans 
occurs during a blood meal of an infected Anopheles female mosquito. 
Conceptually, the mosquito is not only a vector but also a host, since many of the 
important steps of the parasite life cycle occur in the mosquito. In the human host 
the parasite multiplies asexually but undergoes sexual reproduction in the mosquito 
host (Figure 1.1). The parasite life cycle in the mosquito begins when an infected 
blood meal is taken. Male and female gametocytes, micro- and macrogametocytes 
respectively, begin differentiation in the mosquito midgut. The microgametocyte 
undergoes three mitotic divisions to form 8 microgametes that exflagellate and 
fertilise the macrogamete to form the zygote. The zygote develops into a motile 
ookinete, which penetrates the midgut epithelium and forms an oocyst in the gut 
wall between the epithelium and the basal lamina. Repeated divisions within the 
oocyst produce thousands of immature sprorozoites, which upon rupture of the 
oocyst are released into the heamocoel. The sporozoites then migrate to the 
salivary glands where they continue maturation until inoculation into a new human 
host during a second blood meal. Once in the human host, the sporozoites migrate 
to the liver and invade hepatocytes. Cysts are formed called schizonts, in which 
30,000 to 40,000 merozoites develop over a period of five to eight days (pre-
erythrocytic stage).Upon release, merozoites enter the blood stream where they 
invade and continue development within erythrocytes (erythrocytic stage). Sexual 
differentiation ensues and male and female gametes are formed. The exponential 
-14- 
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growth period of the parasite occurs in the erythrocytic stage. Clinical symptoms of 
malaria include anaemia and fever, due to the loss of erythrocytes during the 
merozoite invasion, while more severe manifestations include cerebral malaria, 
kidney and other organ failure. 
-15- 
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Figure 1.1 The malaria life cycle 
The transmission cycle in humans begins with the bite of an infected female Anopheline mosquito. 
Sporozoites released from the salivary gland of the mosquito during blood-feeding enter the 
bloodstream and invade liver cells (hepatocytes). Here the sporozoite differentiates and undergoes 
asexual multiplication to produce a pre-erythrocytic schizont containing thousands of merozoites. 
Schizonts eventually rupture, releasing merozoites into the bloodstream where they invade 
erythrocytes, differentiating through ring stage trophozoites to an erythrocytic schizont containing 12-
16 merozoites. The schizont ruptures the infected erythrocyte, releasing the merozoites which go on to 
invade additional erythrocytes. The clinical manifestations of malaria (i.e. fever and chills) are 
associated with the synchronous rupture of infected erythrocytes. Not all merozoites however, 
differentiate into schizonts, some differentiate into sexual forms, male and female gametocytes, which 
are taken up by the mosquito during the blood meal. Within the mosquito midgut the gametocytes 
develop into gametes that fuse to form a zygote. The zygote in turn becomes a motile and elongated 
ookinete which invades the midgut wall of the mosquito where it encysts on the exterior of the gut wall 
as an oocyst. The oocyst grows before rupturing, releasing hundreds of sporozoites into the mosquito 
body cavity. The sporozoites then migrate to the salivary glands and enter the salivary duct lumen from 
where they are injected into the vertebrate host upon the next blood feeding, thus completing the 
transmission cycle. Adapted from Good, 2005. 
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1.3. Current measures for malaria control 
1.3.1. Parasite control 
Reduction of the malaria burden by targeting the human stages of the 
parasite has thus far relied on the use of chemotherapeutic drugs. Perhaps the most 
effective and widely known of all these drugs has been quinine and its derivatives 
(chloroquine, amodiaquine, primaquine and mefloquine). Widespread application of 
the drugs in combination with mosquito control measures in the 50's and 60's saw 
the control and eventual eradication of malaria in many parts of the western world. 
However, rapidly developing resistance to chloroquine was identified in independent 
events in south east Asia and in South America leading up to global distribution of 
resistance to this drug by the late 70's. The immediate effect of this global 
insecticide resistance was the fast-tracked development of novel antimalarial drugs. 
Unfortunately, their performance fared even worse than chloroquine, with resistance 
to sulfadoxine-pyrimethamine developing within a year of its mainstream 
introduction (Peters, 1987). Similar fortunes were reported for mefloquine and 
atovaquone-progunil from south east Asia, where these drugs were more commonly 
employed. Rather paradoxically, surveys across Africa report extensive use of drugs 
that are ineffective and applied for treatments of up to 84% of malaria infections 
(Breman et al., 2004). 
Drugs belonging to the class of artemisinins have so far been able to defy 
the development of drug resistance. Regrettably, they are linked to technical and 
logistical disadvantages. The short in vivo half life of artemisinins means they can 
only be effectively used in combination with other long acting drugs such as 
-17- 
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mefloquine. These therapies, collectively called artemisinin-based combination 
therapies (ACTs) are comparatively expensive. Worryingly, evidence that genetic 
resistance to artemisinins can be developed when artificially selected for in model 
rodent-malaria infections (Peters and Robinson, 1999; Walker et al., 2000), and that 
resistance to artemisinins can emerge via a single amino acid mutation (Uhlemann 
et al., 2005) has been followed by the first examples of PI. falciparum resistance to 
artemisinins developing in field isolates (Jambou et al., 2005). History suggests 
these findings should raise immediate concerns about the durability of this last 
remaining class of efficacious antimalarial drugs. 
The post-genomic era has seen the identification of novel putative drug 
targets which have fuelled a renewed drive into the development of newer, better 
drugs. It is anticipated that linked with this renewed effort a sophisticated 
understanding of the biological basis of parasite multi-drug resistance mechanisms 
should allow the development of drugs that may be able to delay the development 
of resistance. Their availability is very much anticipated, however like their 
predecessors their worldwide application is likely to be met both with the 
development of drug resistance, the economic burden of their target patients and 
the logistical issues associated with ensuring that a threshold proportion of the 
population receive the full course of therapy. 
Vaccines against malaria have historically been considered the 'golden 
bullet' for malaria control, because they potentially represent the least expensive 
option in the long-term and that under optimal conditions, wide-spread vaccination 
against other diseases has often lead to complete disease eradication. 
Epidemiological and experimental data has supported the rational that an effective 
vaccine can be formulated. Naturally acquired immunity (NAI) to malaria often 
-18 
Introduction 
develops upon repeated exposure to the parasites, usually by the age of 10 in areas 
where malaria is endemic, suggesting that a formulation of a vaccine may be 
feasible. Efforts to develop an efficacious vaccine have been ongoing since the 
1960's when the rationale for a vaccine was first provided by a series of studies in 
both humans and rodents (Cohen et al., 1961; Nussenzweig et al., 1967). Owing to 
the complexity of the Plasmodium life cycle it has been suggested that a multi-focus 
approach against the parasite could lead to valuable degrees of immunity generated 
independently against different stages of the parasitic life cycle. The development of 
vaccines against infective sporozoites has been the main focus of research since 
the 1960's and 1970's where experiments showed that vaccination with attenuated 
parasite preparations could induce protection in both mice (Nussenzweig et al., 
1969) and humans (Clyde, 1975). Indeed, historically it seems that often the 
simplest strategy for developing an anti-microbial vaccine is to immunise patients 
with whole-organism preparations. Unfortunately, to date the generation of a 
suitable whole-parasite vaccine against Plasmodium has proven anything but 
simple. Firstly, to achieve sufficient levels of protection humans must be immunised 
with >1,000 sporozoites which presents numerous logistical problems (Waters, 
2006; Waters et al., 2005). A further hurdle lies in the attenuation of the parasite, for 
given too little irradiation parasites remain infectious and given too much, the 
treatment results in immunisations that do not provide sufficient levels of protection 
(Vernick and Waters, 2004). Efforts are now underway to test genetically attenuated 
Pl. falciparum parasites, containing deletions in essential membrane genes, as 
vaccines for humans and also to develop the logistical means of delivering such 
vaccines (Labaied et al., 2007; Mueller et al., 2005a; Mueller et al., 2005b). Genetic 
attenuation may represent a standardised and reproducible vaccination dose. 
-19- 
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However, suitable parasite attenuation schemes have still not been described and 
there are questions and concerns about potential parasite reversion and the 
reliance of mosquito-based administration (Vernick and Waters, 2004). Subunit 
vaccines, delivering endogenous or recombinant parasitic antigens as recombinant 
proteins or DNA-based vaccines have been proposed on the merit that they should 
be logistically simpler to implement and that they could be developed independently 
to induce a protective immune response against both pre-erythrocytic or erythrocytic 
stages of parasite life cycle. A number of subunit vaccines have now been 
developed and clinical trials have been performed in some cases. Studies on the 
RTS,S/AS02 vaccine delivering a hybrid Plasmodium circumsporozoite (CSP) 
protein have shown that protection can be generated, especially in non-naïve 
populations, but that this protection is only short-lived. Boosting doses of this 
vaccine did restore some degree of protection in subsequent years but in children, 
vaccination provided only a low level 30% protection against primary malaria 
infections (Alonso et al., 2004). Multi-antigen-based subunit vaccines are currently 
being developed. 
Vaccine development against blood stage parasites has been fuelled with 
the rationale that natural immunity against this stage can be acquired rapidly (Gupta 
et al., 1999), indicating that target merozoite antigens may have limited diversity 
(Greenwood et al., 2008). However none of the merozoite antigens tested so far in 
humans trials have induced the necessary levels of protection suggesting that there 
might be trade off between immunogenicity and epitope variability. Efforts to 
develop vaccines against the sexual stages of the parasite have seen some 
success in animal models (Carter, 2001). The rationale behind such vaccines, 
known as transmission blocking vaccines (TBVs), is that the human immune system 
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could be induced to develop antibodies that interfere with sporogonic differentiation 
inside the mosquito, and based on the observation that the number of parasites 
transmitted to the mosquito are attractively low compared to the life cycle in the 
human, the strategy has been accredited to have some merit. Candidate antigens 
have been identified and one has been approved for clinical trials (Malkin et al., 
2005). The broad consensus of opinion however, is that, used alone, TBVs can at 
best only interrupt malaria transmission in areas with low transmission rates 
(Stowers and Carter, 2001). 
Pragmatically, a successful vaccination program may have to rely on the use 
of combinatorial vaccines that target more than one stage of the parasitic life cycle. 
Implementation of such vaccination programs would likely also be hampered by the 
difficulty of mobilising target communities within the population and obviously the 
lack of healthcare infrastructure in the countries where malaria is endemic. 
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1.3.2. Vector control 
Insecticides for vector control 
Mosquito vector control has historically played a major role in malaria 
eradication. From the 50's through to the 70's considerable optimism surrounded 
the use of insecticides for control or even eradication of the obligate vectors of 
malaria. Indeed, insecticide spraying (both outdoor and indoor) was successful in 
eradicating malaria from many areas of the western world using mainly compounds 
such as pyrethroids and DDT, persistent chemicals that were able to kill or at least 
repel female mosquitoes from populated areas (reviewed in (Phillips, 2001; WHO, 
1995)). More recent advances have included the use of insecticide-impregnated bed 
nets (ITNs). The application of ITNs has been found to substantially decrease 
mortality and morbidity in trials in Africa and the Americas where such nets have 
reduced malaria-related deaths by over 50% (Choi et al., 1995). Additional 
advantages of ITNs are their comparatively low price and that they are readily 
accepted by the general population. Initial concerns about the adverse effect on the 
development of natural acquired immunity for children protected by these nets have 
been the focus of much debate (Curtis et al., 2003; Maxwell et al., 2002). Also under 
debate is the degree to which these nets will be effective at eradicating disease in 
endemic areas where the entomological inoculation rate (EIR) is very high. In such 
a scenario it is an open question as to whether these nets will be able to sustain a 
reduction in the EIR to an extent that can be beneficial for the entire community 
(Greenwood, 1997a; Greenwood, 1997b; Phillips, 2001; Trape and Rogier, 1996). 
The most pressing issue on the application of both insecticide spaying and ITNs has 
-22- 
Introduction 
been the development of resistance in the target vectors with time. Resistance 
mechanisms develop predominantly through both evolution of metabolic insecticide 
detoxification and target site mutation. The most common insecticides, DDT and 
pyrethroids, share the same voltage-gated sodium channel as targets and hence 
resistance to one insecticide often coincides with cross-resistance to others 
(Martinez-Torres et al., 1998). In addition to detoxification and target site mutation, 
resistance can also be conferred through adaptive behavioural changes that reduce 
the entry of mosquitoes into housing or increase the rate of early exit once bloodfed. 
In 1946, 2 species of mosquito were resistant to DDT; this number has risen to 55 
within 50 years and most of the important vector species are included in this list 
(Phillips, 2001; WHO, 1995). 
The common and increasing incidence of mosquito insecticide resistance, 
parasite drug resistance, the logistical costs of widespread drug application and the 
current lack of nascent vaccine candidates has prompted within the last decade the 
development of alternative methods of malaria control. 
1.3.3. Alternatives to insecticides for vector control 
Biological control 
Alternative strategies have been proposed to control Anopheles mosquitoes 
based on biological management of their populations. Some strategies target the 
early stages of the mosquito life cycle, mainly with larvicides or use of larval 
predators. Recently, promising results have been reported for the use of 
entomopathogenic fungi in houses, as an alternative to insecticides. Female 
mosquitoes exposed to the fungi show increased modality prior to the time required 
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for parasite maturation, a significant reduction in the proportion of females that carry 
sprorozoites in their salivary glands and reduced feeding-drive (Blanford et al., 
2005; Kanzok and Jacobs-Lorena, 2006). Obviously, the ability of these fungi to 
cross-infect non-infected mosquitoes of the population is likely to pose a greater 
obstacle to the population than static chemical equivalents. However, drawbacks of 
this system include the stability of the spore-formulation, which currently lasts 
approximately 3-4 weeks (Scholte et al., 2005), the possibility of resistance 
development either through behavioural adaptation or biochemical detoxification 
(although the latter ought to be significantly harder to achieve compared to 
insecticides since fungal toxicity is generated by an arsenal of toxins) (Blanford et 
al., 2005). Additionally, there are concerns about target species specificity which is 
known for some species of fungi to be rather broad, and obviously the danger of 
human infectiousness. Several trials have confirmed that tested fungi are harmless 
to humans, however a re-evaluation may be necessary in light that within many 
areas where these fungi should be deployed, the human population is increasingly 
infected with immune compromising diseases like AIDS. 
The release of sterile males as a means of genetic control has been 
successful in the eradication of some insect pests. The Sterile Insect Technique 
(SIT), as it is known, is species-specific and environmentally non-polluting and relies 
on the delivery of large numbers of sexually active but genetically sterile males that 
compete with natural males for mating partners (Knipling, 1955). Sterile mating 
reduces the reproductive capabilities of females and provided sufficient amount of 
males are released this strategy can be very successful in eradicating pest 
populations in controlled areas. The ultimate paradigm of SIT has been the 
successful eradication of the New World screwworm fly, Cochliomyia homnivorax 
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from the Americas and Libya (Krafsur et al., 1987; Lindquist et al., 1992). SIT 
programmes targeting mosquitoes have had some success (Lofgren et al., 1974). 
Most mosquito releases performed in the 60's and 70's were aimed at addressing 
specific questions related to SIT rather than expecting significant reduction in 
population numbers. Overall, from these studies emerged the insight that, 
regardless of the species of mosquito targeted and the release site, several 
technological problems can significantly hamper success These include: the lack of 
reliable high-throughput sexing methods to eliminate females from the male 
releases, the reduction of mating competitiveness of sterilised males compared to 
wild type males and the immigration into release sites of wild type males and mated 
females. 
1.4 Genetic modification of mosquitoes for disease control 
The use of genetically modified mosquitoes (GMM) for malaria control has 
been for, at least the past 10-15 years, gaining worldwide recognition and support 
both by the scientific community and its funding agencies. Control can be divided 
into two broad categories: population suppression or population replacement. 
Release of transgenic mosquitoes for population replacement fundamentally 
entails conversion of the wild population into one whose phenotype would be 
impaired in parasite transmission. The research community has since invested in 
dissecting and understanding the biological interactions of the mosquito with its 
parasite. This has resulted in the identification of key immunity genes and immunity 
pathways that affect levels of parasitaemia (for example (Christophides et al., 2004; 
Mendes et al., 2008; Michel and Kafatos, 2005; Osta et al., 2004b; Waterhouse et 
al., 2007)). Transient RNAi experiments knocking down the activity of some of these 
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immunity pathways have confirmed that some of their products act as barriers to the 
parasite and, when compromised, lead to increased infection and transmission. In 
addition to this, transgenic mosquitoes have been generated that express peptides, 
identified in bacteriophage library screens, which are capable of partially impairing 
parasite transmission in rodent models (Ghosh et al., 2009; Ito et al., 2002; Marrelli 
et al., 2007) — These strategies are discussed in more detail below. In contrast to 
population replacement, GM strategies focusing on population suppression aim to 
use transgenic mosquitoes to reduce or eradicate the wild population by negatively 
affecting population fitness. There are several approaches by which population 
suppression can be achieved. To date, the most renowned has been SIT but novel 
strategies that affect the population for more than one generation like the RIDL 
(Release of Insects carrying Dominant Lethal) technique are being developed 
(Alphey, 2002; Thomas et al., 2000). 
As previously mentioned, the technical difficulties in implementing large 
scale SIT programmes have, until now, included the inability to sterilise releasing 
males without reducing their mating competitiveness. Finding the appropriate 
sterilising dose to achieve complete sterility without negatively affecting male mating 
competitiveness is an active topic of research. Recently, the right balance between 
dose and competitiveness has been ascertained for a species of Anopheles 
(Helinski and Knols, 2008), however this work has highlighted that other factors 
such as the stage of mosquito development that is irradiated, whether pupae or 
adults, and the specific area in which males have to compete play crucial roles in 
the how the irradiation dose relates to male competitiveness. Large scale releases 
also require a high-throughput sexing system with which sterile males can be 
separated from their sibling females, which do not contribute to population 
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sterilisation and in fact may contribute to parasite transmission. Previously, semi-
high-throughput sex separation was achieved by artificially linking selectable 
markers, such as insecticide resistance, to sex chromosomes, although these 
approaches were inevitably technically challenging (Baker et al., 1981; Kim et al., 
1987; Lines and Curtis, 1985). Molecular advances in mosquito transgenesis have 
recently lead to the development of transgenic strains that express traits that 
facilitate genetic sexing by defining maleness, such as expressing fluorescent 
proteins as visual markers under a sperm-specific promoter (Catteruccia et al., 
2005). The DNA constructs that generate this trait appear to be readily transferable 
to other mosquito species ((Smith et al., 2007); B.Knols and J.Thailayil 
unpublished). Comparable technologies developed for other insect pests include 
translocations of fluorescent markers to the Y chromosome (Condon et al., 2007). 
Laboratory based assays indicate that some of these transgenic lines are not 
impaired in mating competitiveness although field scale studies using larger 
population will have to confirm this result (Catteruccia et al., 2005). Whilst significant 
progress has been made on the development and validation of methodologies for 
genetic sexing, progress on technologies to induce efficacious genetic sterility has 
been hampered both by the lack of available genetic technologies and the rather 
primitive understanding of Anopheles spermatogenesis. 
The classical RIDL technique (Thomas et al., 2000) relies on the release of 
males homozygous for a dominant female specific lethal gene, which can be 
repressed during rearing under control conditions (Figure 1.2). Whilst female 
progeny resulting from mating between RIDL males and wild females are inviable, 
male progeny (which do not contribute to parasite transmission) are viable and 
fertile, passing on the female-specific lethal gene to half of their progeny (Figure 
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1.2). This technique remains non-invasive, i.e. the lethality phenotype does not 
increase in the population once released, but it is more efficient than SIT since it 
only kills female offspring and males pass on the trait for several generations until it 
is lost from the population (Thomas et al., 2000). Moreover, removing the 
repressible conditions prior to releases automatically eliminates females from the 
released population thereby alleviating the need for sexing techniques. 
-28- 
female lethal WT 
X 
fc•malv Iamb: *VW hell ale lett.al 	Moat Mead NIT rrT WT WT 
rh 	
female lethal 
r-r 	
• 
• 
iernale lethal 
• • 	 • • 
kmale lethal telltale lethal 
0 ' 
Introduction 
Figure 1.2 The RIDL technique 
Released transgenic males are homozygous for a female-specific repressible and dominant lethal 
gene (orange box). In the laboratory or mass rearing facility, female lethality is repressed by inhibiting 
the expression of the transgenic cassette using appropriate rearing conditions. Once released, the 
transgenic locus is inherited by all offspring of the transgenic male. Since these progeny are not grown 
on lethal-inhibitive conditions, all females resulting from matings between transgenic males and 
wildtype female are inviable. Male progeny are fully viable and upon sexual maturation also mate with 
wild type females. Since these males are heterozygous for the female lethality locus, half of their 
daughters will receive the transgenic locus and thus die, whilst half of their sons will pass on the 
transgenic locus. The construct is not invasive and diminishes by half with every generation by 
Mendelian segregation. 
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Although genetic strategies will likely provide some or all of the technology 
required for the implementation of strategies like SIT or RIDL several fundamental 
problems persist. These include the need for mass rearing and the requirement of 
repeated release and the movement of non-site-associated populations into the 
release site (Benedict and Robinson, 2003). To increase the effectiveness of 
strategies on population eradication and to make strategies on population 
replacement even possible, GMM mechanisms must be invasive, i.e. allowing the 
genetic factor that generates the malaria control trait, be it malaria refractoriness or 
female lethality, to increase in frequency within the population once released. This 
invasiveness is called gene drive and it would benefit the strategies in several ways: 
i) it would drastically diminish the scale of the releases, ii) it would allow the genetic 
trait to drive into the population against negative selection and iii) it would have a 
long-lasting effects passing from generation to generation with a segregation that is 
not tied to the chromosome it was originally inherited on. 
1.5. Gene drive for effective population-wide Anopheles genetic 
modification 
Overall, whilst much progress has been made on the generation of GMM 
technologies, the understanding of the immune system and the improvement of SIT-
like strategies, the failure to construct an efficient drive system has created a gap in 
the development of necessary tools for the use of GMMs for vector control. The 
observation that there are several classes of naturally occurring "selfish" genetic 
elements that spread in populations at the expense of their hosts, has led to 
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proposals that they should be exploited for driving desired genetic traits into large 
wild populations. 
Candidate gene drive systems have been evaluated for criteria that may 
affect their usefulness and success (Christophides, 2005; James, 2005; Sinkins and 
Gould, 2006). Some of the most important criteria include the proportion of the 
population that needs to be released to spread the effector genes to fixation, the 
timescale required to achieve this and the ability of the construct to resist loss of 
linkage between the drive mechanism and the effector gene(s) to be driven. It would 
also be beneficial that the drive mechanism is easily adaptable to changes 
purposefully introduced that allow it to function in genetic backgrounds that have 
developed resistance against "first-generation" releases. To circumvent resistance, 
drive mechanisms could spread multiple, independently-acting effectors at the same 
time. In addition, the drive system will have to overwhelm negative selection that 
could potentially arise through fitness costs. The effect of transformation on the 
fitness of mosquitoes, alone a difficult evolutionary and experimental parameter to 
asses, remains a controversial issue (Catteruccia et al., 2003; Marrelli et al., 2006; 
Moreira et al., 2004) and the introduction and consequent impact of an invasive 
genetic system on mosquito fitness will only add to the level of complication. 
Furthermore, since there are several Anopheles species that transmit 
Plasmodium in overlapping areas, the drive system should be able to function in 
more than one vector species. Therefore the difficulty of its introduction into different 
laboratory-kept mosquito species and the possibility of having to generate several 
species-specific control elements (e.g. expression cassettes) will have to be 
evaluated. Ideally, released drive systems should have an ability to be recalled 
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should unforeseen circumstances arise like ecological damage to non-vector 
species. 
Several classes of natural selfish genetic mechanisms have been proposed 
for use as gene drive systems. The best understood or the ones that seem most 
likely to yield efficient drive systems are those that involve transposable elements 
(TEs), meiotic drive, homing endonucleases, engineered underdominance and 
Wolbachia endosymbionts. For an excellent review on their merits and drawbacks 
please read Sinkins and Gould 2006 Nature Review Genetics. Of these certainly, 
most progress in mosquitoes has been accomplished with the TEs although this is 
partly due to their concomitant application in germline transformations. Whilst 
germline transformation using non-autonomous TEs has now become nearly 
routine, all attempts to mobilise (excise and re-integrate) chromosomal TEs have 
shown that once integrated TEs are under all conditions very stable in the germline 
(Adelman et al., 2007; O'Brochta et al., 2003; Scali et al., 2007; Wilson et al., 2003). 
The post-integration activities of non-autonomous transposons (Minos and 
piggyBac) were examined in both transgenic An. stephensi and Ae. aegypti 
mosquitoes expressing the TEs in trans (Scali et al., 2007; Sethuraman et al., 
2007). Both studies confirmed that the mosquito germlines do not permit transposon 
remobilisation. Autonomous elements expressed in Ae. aegypti transgenic lines 
were also not able to remobilise once integrated, although they did confirm that the 
integrated TE locus was able to catalyse the integration of injected non-autonomous 
transposons, suggesting that the integrated autonomous TE was able to produce 
functional transposase (Adelman et al., 2007). The exact mechanism with which 
mosquito germlines inhibit the mobility of transgenic TEs remains elusive, although 
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evidence is accumulating on how related species are able to limit endogenous 
transposon movement (O'Donnell and Boeke, 2007). 
The absence of TE mobility in transgenic mosquitoes has forced the 
scientific community to develop alternative strategies that have been proposed for 
building efficient gene drive systems. In this thesis I have focused on work 
performed during my PhD on the development of a gene drive system based on 
Homing Endonuclease Genes. 
1.6. Homing Endonucleases —mechanisms for gene drive systems 
Homing endonuclease genes (HEGs) are genetic elements that manipulate 
host functions to copy themselves into defined DNA sequences in host genomes, 
thereby increasing genomic copy number and the likelihood of inheritance. They 
belong to a class of site-specific selfish genes that includes group II introns and 
some site-specific LINE-like transposable elements (Chevalier and Stoddard, 2001; 
Stoddard, 2005). HEGs employ a simple mechanism of action (Figure 1): 
HEGs encode for highly specific DNA endonucleases that cleave long (14-
40bp) target sequences and have evolved to cleave target sequences within alleles 
without being overly toxic to their host. These target sequences are unique to 
chromosomes that lack the HEGs, since HEGs, when present on a chromosome, 
are located in the middle of their own recognition sequence, thereby disrupting it. 
Chromosomes that contain HEGs are therefore protected from endonuclease 
recognition and cleavage and the only occasion in which the endonuclease comes 
into contact with an intact recognition sequence is in HEG heterozygotes, where 
one chromosome contains the HEG and the other does not. When HEG- 
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chromosomes are cleaved by the endonuclease, the hosts conservative repair 
pathway, homologous recombination, uses the HEG+ chromosome as a repair 
template since the HEGs' position is in a homologous location in the genome (e.g. 
the homologous chromosome), inadvertently copying the HEG into the HEG-
chromosome. Once repair is completed, both chromosomes contain a copy of the 
HEG, converting a cell that was once heterozygote for the HEG into a homozygote. 
This process is called homing. Homing therefore, initiated by the endonuclease 
cleaving an intact target and concluded by the repair pathways' gene conversion, 
results in dominant transmission and inheritance of the HEG. 
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Figure 1.3 Mechanism of HEG function 
A homing endonuclease gene (HEG) is inserted between two specific sequences of DNA within the 
genome (black). The HEG (grey) codes for the production of a DNA endonuclease that recognizes 
these two specific coding sequences, when they are not interrupted by the presence of an HEG. In 
individuals that carry the HEG on only one of two homologous chromosomes, the enzyme catalyses a 
break within the DNA sequence of the chromosome that lacks the HEG, which is then repaired using 
the HEG within the homologous chromosomes as a template (Burt and Trivers, 2006). 
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Naturally HEGs exist in intronic sequences of host genes, thereby causing 
minimal disruption to gene function and inducing little negative selection whilst 
sweeping through host populations. The simplistic mechanism of HEG function 
coupled with the recent findings that HEGs can be engineered to alter target site 
recognition (Ashworth et al., 2006; Rosen et al., 2006; Smith et al., 2006; Volna et 
al., 2007) resulted in the proposal that HEGs could be modified to target new 
mosquito sequences to spread engineered HEGs across natural mosquito 
populations (Burt, 2003). 
The proposed system would work as follows (Burt, 2003): A HEG is re-
engineered to recognise and cleave a DNA sequence of choice present in the 
mosquito genome. The HEG is then inserted in the middle of its novel recognition 
sequence, simultaneously disrupting the gene and protecting the chromosome from 
further cleavage. The HEG is driven by a germline-specific promoter so that 
expression and homing in HEG heterozygote germlines leads to super-Mendelian 
segregation of the HEG+ allele. Crucially, the HEG must be expressed prior to 
chromosomal disjunction so that HEG+ chromosomes are available as repair 
templates upon cleavage of the HEG- chromosomes. The nature of the phenotype 
to spread through the population using such HEGs will invariably dictate the choice 
of target sequence that the HEG will be engineered against. Broadly speaking, there 
are two classes of modifications that could reduce malaria transmission: one class 
aims to deplete the mosquito population altogether and one that specifically targets 
its parasitic vectorial capacity whilst leaving its population size intact. In the next few 
paragraphs I summarise general strategies with which both population suppression 
or population refractoriness could be theoretically achieved. 
- 36 - 
Introduction 
1.6.1 Population Suppression 
To achieve reduction in the target populations HEGs could be engineered 
against genes that are essential for viability or fertility, thus inducing a genetic load. 
The target gene is chosen such that the knockout mutation (HEG homing) has no 
phenotypic effect in heterozygotes but is severely detrimental when homozygous 
(i.e. the knockout is recessive). Importantly, HEGs will spread in the population as a 
result of homing in the germlines of heterozygotes (HEG+/HEG-). Crucial therefore, 
is to ensure stability of the heterozygotic condition in tissues in which the target 
gene functions, whilst allowing homing to occur at maximal rates in the germline. In 
the simplest case, the target gene (essential either for viability or fertility) would 
function in a somatic tissue, e.g. the fat body. Therefore, HEG homing in the 
germline and the consequent conversion of the "somatic heterozygote" into a 
"germline homozygote" would not interfere with target gene function since the 
tissues in which the target gene functions do not coincide with those of the HEG. 
If the HEG is engineered against a gene that functions in the germline 
however, e.g. recessive germline-specific fertility genes, ensuring that 
heterozygotes are not sterilised by HEG homing will require that the timing of HEG 
expression follows expression of the target gene. The choice of target gene will 
obviously influence the efficiency of HEG invasion. Inducing male sterility or lethality 
reduces the overall HEG frequency in the population whilst having little effect in 
reducing population growth and density since these factors are largely determined 
by the females. To avoid this and increase the load imposed on the population and 
the frequency of the HEG alleles, HEGs could be engineered against target genes 
whose homozygous knockout induces female-specific lethality, sterility or even 
maternal effect bisexual sterility (grandchild-less phenotype). Predictions suggest 
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inducing female-specific lethality increases the genetic load, leaving only 5% of the 
female population reproductively competent — bisexual lethality would leave 20% of 
the population reproductive (Burt, 2003). 
1.6.2 Sex-ratio distortion by disrupting sex chromosome segregation 
Population depletion could alternatively be achieved by biasing the sex ratio 
towards males so that a population is driven extinct for want of females. Proposals 
for creating synthetic sex-ratio distorters have been suggested and modelled (Burt, 
2003; Deredec et al., 2008). The method relies on the generation of synthetic Y 
chromosomes that harbour HEGs that target regions, preferably repetitive, located 
exclusively on the X chromosome (Burt, 2003). Naturally occurring Y-chromosome 
meiotic drivers have been identified in Aedes and Culex mosquitoes that gain an 
advantage by somehow causing X-chromosome breaks during meiosis I of 
spermatogenesis (Hickey and Craig, 1966; Sweeny and Barr, 1978). The 
identification of these naturally occurring "selfish" sex chromosomes in mosquitoes 
suggests that expression of Y-linked HEGs targeting the X chromosome during 
meiotic stages of spermatogenesis would lead to the selective "shredding" of the X 
chromosome, which would likely result in the generation of sperm lacking the X 
chromosome or sperm carrying incomplete X chromosomes. If shredding is efficient 
males carrying such Y-linked HEGs are likely to only have viable sons. The 
invasiveness of this Y chromosome and thus its ability to bias sex ratio of its target 
population would depend on whether sperm carrying it would have to compete for 
egg fertilisations with sperm that carry the attacked X chromosomes. If the X-
chromosome bearing sperm are unable fertilise embryos then the Y chromosome, 
-38- 
Introduction 
now benefiting from extreme transmission ratio distortion (TRD), would soon invade 
the population and most males would carry the synthetic Y chromosome. However, 
if X-chromosome bearing sperm are able to fertilise eggs, even if these are inviable, 
then the Y chromosome would not show TRD since the amount of males produced 
would still be equal to the normal ratio of half. 
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Figure 1.4 HEG induced X shredding to achieved sex-ratio distortion. 
A HEG is chosen that cleaves repetitive sequences located exclusively on the X chromosome and is 
subsequently inserted on the Y chromosome. Expression of the HEG during male meiosis will lead to 
endonuclease-induced shredding of the X chromosome. Sperm containing cleaved X chromosomes 
will unlikely produce viable offspring. If X-bearing sperm are able to compete with Y-bearing sperm for 
oocyte fertilisation, the sex ratio is distorted towards males but the Y chromosome does not drive into 
the population since the same amount of males are produced per mating. If the X-bearing sperm are 
not able to compete with Y-bearing sperm for fertilisations then the sex ratio will be distorted towards 
males and Y chromosome will drive into the population. 
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1.5.3 Sex ratio distortion by targeting Anopheles sex determination 
Invasive sex-ratio distorters could also be generated by targeting HEGs 
against genes that control the mosquito sex determination pathway (Deredec et al., 
2008). In the simplest case, the target gene would only be expressed in females, 
would be vital for the activation of female-specific differentiation cascades, and its 
knockout would result in masculinisation of XX females. At low population 
frequencies the HEGs would induce no detrimental effects whilst showing extreme 
TRD, provided the sex determination pathway can function correctly with one 
functional copy of the target gene, i.e. the knockout is recessive. Once the HEGs 
reach equilibrium frequencies inter-heterozygote matings will increase in frequency 
resulting in male-only progeny at which point the population will start declining in 
need of females. The Dipteran sex-determination pathway has mostly been studied 
in Drosophila and Ceratitis. Key genes that translate genetic cues to sex-specific 
sexual differentiation are conserved and have common roles and indeed, recent 
evidence suggests that the bottom-most control gene of the pathway, doublesex, 
may also have a conserved role in the sexual differentiation of Anopheles (Scali et 
al., 2005). The genetic cues that initiate sexual differentiation differ widely between 
the dipteran group: male heterogamety with male-determining Y-linked or autosomal 
loci; female heterogamety; chromosomal balance systems; and maternal effects (for 
reviews refer to (Marin and Baker, 1998; Schutt and Nothiger, 2000)). Downstream 
of these genetic cues members of the sex determination pathway show some 
degree of mechanistic conservation. In Drosophila two genes working in succession 
(Cline, 1993), Sex-lethal (Sxl) and transformer (tra), dictate female development 
when functionally active and male development when inactive. Activity of Sxl is 
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controlled by the ratio of autosome to sex chromosome (the primary signal); when 
the balance of XX:AA = 1.0 (female), the activity of the Sxl splicing factor is induced 
(Parkhurst et al., 1990), which in turn transmits the determined sexual state 
downstream by regulating female-specific splicing of tra (Boggs et al., 1987). tra 
regulates the splicing of the dsx transcription factor (Burtis and Baker, 1989) that 
controls the expression of genes that in turn generate the sexual dimorphism 
(Nagoshi et al., 1988). Active tra splices dsx into DsxF that determines female fate 
whilst lack of appropriately spliced tra leads to the production of DsxM mRNA that 
encodes for the male form of the transcription factor and thus male fate. 
Both Sxl and tra are only active in females so they could therefore serve as 
excellent candidates for the generation of HEG-mediated sex-ratio distorters. 
Regrettably, although sxl appears to have been conserved between dipteran 
species its master switch function has not (in Ceratitis (Saccone et al., 2002) and 
Anopheles (unpublished Crisanti group) the gene is expressed in both sexes). 
Furthermore, the identity of tra in Anopheles remains elusive, although expected, in 
the light that among the Drosophila genus it exhibits an extremely rapid rate of 
evolution. The fact that sxl does not function in the sex-determination pathway of 
Ceratitis and Anopheles may be suggest that the molecular mechanisms these two 
species share are more related than those of Drosophila. Encouragingly, transient 
embryonic interference of tra expression in Ceratitis by RNAi causes 
masculinisation of both germline and soma of adult flies, resulting in fertile XX males 
(Pane et al., 2002), indicating that if tra could be indentified in Anopheles it could 
serve as an excellent candidate for generating synthetic HEG-based sex ratio 
distorters. 
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1.6.4 Targeting the vectorial capacity of Anopheles mosquitoes 
As an alternative to eradicating natural mosquito populations altogether, 
vector control strategies have been proposed which advocate that natural disease-
transmitting populations could be are replaced with genetically manipulated 
refractory strains. Such control methods are generally called population 
replacement strategies and HEG-based gene drive systems could, at least in 
theory, be adapted to make this relatively ambitious line of strategies possible. In 
the following paragraphs, the numerous approaches for generating population 
refractoriness traits and their recent progress have been summarised and combined 
with a clarification as to how HEG-based systems could adapted for these 
strategies. 
Conceptually, a mosquito's ability to serve as a parasite vector, i.e. its 
vectorial capacity, is biologically associated with its ability to a) become infected by 
parasitized human hosts, b) tolerate parasite survival and reproduction and c) 
transmit matured sporozoites to non-infected hosts during subsequent blood meals. 
The recognition that each of these three requirements for vectorial capacity 
represent aspects for potential transmission intervention, linked with the recent 
increase in both the understanding and ability to manipulate mosquito biology, have 
lead to a number of interesting approaches being investigated. 
Manipulation of vector feeding preference 
Of all insect behaviours that influence a mosquito's vectorial capacity, host 
feeding selection plays an exceedingly crucial role. For example, An. 
quadriannulatus, although both closely related and sympatric in many instances to 
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An. gambiae, does not contribute to malaria transmission (Coetzee et al., 2000). Its 
non-vector status in nature is thought to be due to its preference for feeding on 
animals, whilst An. gambiae remains one of the most anthropophilic mosquito 
species known (Takken and Knols, 1999). Specialisation of mosquitoes to the 
human host, although not only limited to adaptations to host feeding selection but 
also to endophily and oviposition site selection, is rare amongst mosquitoes and 
must have involved recent evolutionary events. Human host preference specifically 
must have evolved by genetic innovations in the pathways that mediate host 
recognition such as genes encoding olfactory receptors. Comparative genomics has 
shown that the candidate An.gambiae odorant receptor family is rapidly expanding 
compared with the odorant receptors of Drosophila (Hill et al., 2002), although 
comparative genome data from closely related non-vector anopheline species is not 
yet available. Olfaction is mediated initially by odorant and gustatory receptors, of 
which An.gambiae contains 79 and 76 candidate genes respectively (Hill et al., 
2002). Molecular and physiological data are accumulating on the putative function of 
these olfactory receptors and a sensory map of some of the olfactory organs is 
being generated (Fox et al., 2001; Fox et al., 2002; Kwon et al., 2006; Lu et al., 
2007; Pitts et al., 2004; Walker et al., 2008). Within the maxillary palp, one of three 
olfactory systems of the mosquito (the other two being the proboscis and the 
antenna), neurons and their respective olfactory receptors have been identified that 
control CO2 —responsiveness (Lu et al., 2007). In the proboscis, gene expression 
studies and electrophysiological recordings have found that a set of odorant 
receptors likely mediate response to several human-related odorants (Kwon et al., 
2006). Field evidence suggests that host preference is mediated with differential 
responses to host odours and microflora of human skin or parasite-related cues 
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(Takken and Knols, 1999). The advances that are being pursued in understanding 
the molecular and physiological nature of human host preference by studying 
mosquito olfaction pathways is likely to generate interesting candidates for targets 
of novel vector control. It is more likely, at least at this stage, that such targets will 
be used for the design of molecules that acts as mosquito repellents or attractants 
for insect diversion to non-human hosts. Nevertheless, it is at least conceptually 
possible that genes that are crucial for mediating human host preference are 
targeted by genetic manipulations, or indeed HEG invasion, for population 
replacement strategies. 
Vector-parasite interactions and mosquito immunity 
During certain critical stages of their life cycle in the mosquito Plasmodium 
parasites undergo significant losses (Alavi et al., 2003; Sinden, 2002). The 
biological conflicts that generate these are being dissected and there is evidence, 
described below, that these correlate with mosquito immune responses. In nature 
only -30 of almost 500 species of Anopheles contribute considerably to malaria 
transmission (Collins and Paskewitz, 1995) and susceptibility to different 
Plasmodium species varies widely for different Anopheles species, a trend that in 
the view of some is thought to reflect, at least in part, variation in the immune 
interactions between the vector and its parasite (Christophides et al., 2004). A 
contemporary study that, perhaps above all others, has placed the mosquito's 
immune response as a regulator of natural vectorial capacity discovered that field 
variation of Anopheles susceptibility to Plasmodium across different mosquito 
species is linked to a number of genomic loci (Riehie et al., 2006). In detail analysis 
of one of these loci identified and implicated a mosquito immunity gene, Anopheles 
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Plasmodium-responsive leucine-rich repeat 1 (APL1), as a key player in regulating 
the observed refractoriness to Plasmodium (Riehie et al., 2006). 
Immediately following the elucidation of Anopheles gambiae genome 
sequence an agenda emerged prompting a thorough examination on the Anopheles 
innate immune system. Comparative genomics using the known immune signalling 
pathways of Drosophila and global analysis of gene expression using microarrays 
identified genes that were tested for their importance in controlling Plasmodium 
infections, with the development of reliable reverse genetics approaches by 
transient RNAi. With the availability of these tools, several putative immune genes 
were implicated as antagonists to Plasmodium development in Anopheles, including 
TEP1 (Blandin et al., 2004), LRIM1 (Osta et al., 2004a), gambicin (Vizioli et al., 
2001), AgMDL1, FBN8, FBN9, FBN39, SPCLIP1, APOD, IRSP1, IRSP5, LRRD7 
(Dong et al., 2006), cactus and caspar (Garver et al., 2009). In contrast, two 
Anopheles C-type lectins, CTL4 and CTMLA2 have been found to function as 
parasite agonists, whereby RNAi induced knockdown induced complete or partial 
killing of the P. berghei ookinetes respectively (Osta et al., 2004a). The mechanism 
with which they promote infection is thought to depend on protection of invading 
ookinetes from immune surveillance and melanization in infected midguts. In 
humans, C-type lectins have been associated with immune evasion by human 
pathogens such as HIV1 and Mycobacterium tuberculosis by escaping antigen 
processing once bound by CTL DC-SIGN (van Kooyk et al., 2003). Modulators of 
the immune response such as serine proteases and their inhibitors, the serpins 
(Silverman et al., 2001), which control the activity of the phenoxidase pathway of 
melanisation, have also been implicated in controlling Plasmodium infection in 
mosquitoes. Knockdown of the serpin SRPN2 causes a significant reduction in 
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parasite prevalence through increased parasite lysis and melanisation (Michel et al., 
2005). 
These studies on mosquito immunity have demonstrated that manipulating 
crucial mosquito genes can alter the vector-parasite relationship in the laboratory 
setting. In principle, these findings could be translated into the development of 
Plasmodium-tailored strategies for generating refractory mosquito strains, for 
instance, with the generation of transgenic strains expressing genes that modulate 
the recognition of parasite invasion, the activity of the immune system or the 
efficiency of parasite killing and clearance. A small number of transgenic lines have 
been generated in the laboratory that show various level of refractoriness to 
Plasmodium transmission (Ito et al., 2002; Moreira et al., 2002). In particular, 
midgut-specific expression of the synthetic peptide SM1 (for salivary gland- and 
midgut-binding peptide 1 - identified in phage display screens for peptides that bind 
to tissues invaded by Plasmodium parasites) in transgenic A. stephensi Liston 
mosquitoes strongly inhibited invasion of the midgut epithelium by Pl. berghei 
ookinetes (Ito et al., 2002). The transgenes that generated the observed phenotype 
in these strains were identified in synthetic screens or were exogenous non-
mosquito proteins known to inhibit oocyst formation and were thus not chosen 
based on their explored function in the mosquito immune system. 
HEG-based strategies could be adapted for the purpose of generating 
refractory mosquito strains and to drive the generated traits into wild populations, for 
instance, by engineering endonucleases to target immune genes that function as 
parasite agonist, such as the serpins or C-type lectins. Alternatively, HEG-based 
constructs could be generated that harbour gene(s) that function as parasite 
antagonists physically linked to the HEG, whilst the HEG component could be 
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designed to target non-functional target sites in the genome. The stability of these 
latter constructs, as for transposable element-based strategies, has been 
questioned, although several suggestions have been made on how the linkage 
between driver and parasite antagonist could be guaranteed, for instance by placing 
the transgene within intronic HEG sequences (Burt, 2003). 
The use of genetic modifications for manipulating the susceptibility of 
mosquito populations to Plasmodium justifies several considerations about the 
feasibility of these approaches for malaria control. First of all, follow-on studies now 
suggest that manipulations of the immune system, which had previously been 
shown to drastically reduce Pl. berghei infections, do not generate transmission-
limiting phenotypes against PL falciparum infections (Cohuet et al., 2006; Garver et 
al., 2009; Michel et al., 2006). Since A. gambiae is a natural vector of PL falciparum 
but not of PL berghei, it is likely that the immune system has been fine-tuned over 
the course of co-evolution of natural vector and parasite combinations (Waterhouse 
et al., 2007), encouraging the need to accept that the Pl. berghei model, although 
more amenable for laboratory experimentation, may not be a reliable predictor of 
the A.gambiae immune response against M. falciparum. Indeed, microarray studies 
of A.gambiae global gene expression have found that there is a significant contrast 
in altered gene expression between infections with Pl. berghei and PL falciparum 
(Dong et al., 2006). Secondly, there is now an increasing body of evidence 
suggesting that the battery of immunity pathways that the mosquito utilizes upon 
encounters with Plasmodium infections are actually antimicrobial defence systems, 
selected to oppose infections of bacterial and fungal origin ((Dong et al., 2006) and 
references therein, G Christophides personal communication). Whilst bacteria and 
fungi are the most prominent natural pathogens that mosquito populations are 
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infected with, exposure to Plasmodium is usually seasonal, hardly exceeding a 
quarter of the mosquitoes in a given population (Shill et al., 1995) and is therefore 
not expected, nor has been shown, to have resulted in mosquito adaptations 
evolving to the selection of specific anti-Plasmodium defence mechanisms. Studies 
have shown that antibiotic-treated mosquito populations express lower levels of 
immune genes and are more susceptible to Plasmodium infections (Richman et al., 
1996), whilst challenging mosquitoes with bacterial infections prior to parasite 
infection increases their resistance to the parasite (Lowenberger et al., 1999). 
Together, these findings suggest that manipulating mosquito immunity against 
plasmodia may inevitably influence mosquito-microbial relationships. Whether the 
outcome of these non-natural interactions will significantly affect mosquito fitness 
will have to be evaluated, however preliminary studies have demonstrated in the 
case of SRPN2 and cactus that the loss of function phenotype results in decreased 
mosquito survival (Garver et al., 2009; Michel et al., 2005). Finally, predictions 
suggest that if such population replacement programs are to have significant effects 
on malaria epidemiology in areas of intense transmission, the efficiency of 
refractoriness has to be close to 100% (Boete and Koella, 2003)1. In laboratory 
environments, such levels of refractoriness have been achieved although this was 
done using non-natural mosquito-parasite combinations (Collins et al., 1986). 
However under natural conditions several factors may play crucial roles in 
determining the highest level of refractoriness achievable, including environmental 
factors such as temperature and humidity, food resources, average age-structure of 
1  Vectorial capacity is mathematically presented as: V — n nP;b. Vector competence (term b) refers to 
the vectors ability to acquire and transmit a pathogen. Vector competence is a linear component of 
vectorial capacity and as such, predictions suggest that large reductions in vector competence would 
be required to generate significant reductions in vectorial capacity and thus disease transmission. 
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the population and probably of highest importance the species of Anopheles and 
Plasmodium that are interacting. 
Modifying mosquito population age structure 
Age is critical determinant of the capability of anthropod species to function a 
pathogen vectors, since most pathogens they transmit require a certain time period 
to complete the invertebrate life cycle before they can be transmitted to subsequent 
hosts. The time needed for a pathogen to complete its cycle from infection to 
transmission within the vector is termed the extrinsic incubation period (EIP). For 
Plasmodium the developmental EIP comprises a significant portion of the lifespan of 
its mosquito host. As such, only a small percentage of a given infected mosquito 
population can contribute to pathogen transmission. For most Plasmodium parasites 
the EIP usually ranges around 14 days, depending on climatic conditions whilst the 
average lifespan among anopheline species in the tropics varies widely from ten 
days to more than a month (Sattabongkot et al., 2004; Warell and Gilles, 2002). As 
a consequence, only a small percentage of a given An.gambiae population is of 
epidemiological importance and the average lifespan of mosquito populations is 
thought to limit prevalence of Plasmodium to areas in which the vectors are 
sufficiently long-lived. Theoretical models predict that vectorial capacity is most 
responsive to reductions in daily mosquito survivorship (compared to a weaker 
responsive effect of reducing vector competence)2. Given this, a number of novel 
2 	 mepn 
inp
b Vectorial capacity: V = 	is more responsive to reductions in daily survivorship (term p) 
compared to reduction in vector competence (term b). =i+p refers to the duration of a vector's life, 
in days after surpassing the pathogens EIP Cook, P. E., McMeniman, C. J. and O'Neill, S. L. (2008). 
Modifying insect population age structure to control vector-borne disease. Adv Exp Med Biol 627, 126-
40. 
-50- 
Introduction 
strategies whose aim is to reduce longevity of disease vectors have now been 
proposed. In fact, two of the most successful methods of malaria transmission 
control are based on the principle of decreasing average female mosquito longevity: 
insecticide-treated bed nets and indoor residual spraying. As stated above, 
entomopathogenic fungi have received widespread attention, on the merit that they 
decrease average female lifespan below the average EIP (Scholte et al., 2005). 
Another method of biological control has been the use of Wolbachia endosymbionts. 
Wolbachia pipientis are obligate intracellular bacteria, transmitted vertically by 
transovarial transmission within host populations that have successfully chronically 
infected more than 20% of all insect species tested to date (Hilgenboecker et al., 
2008). Their success is based on the ability to induce a number of reproductive 
abnormalities in host species like parthenogenesis, feminization, male killing and 
cytoplasmic incompatibility, all of which enhance their transmission at the expense 
of the population that is not infected. The identification of Wolbachia strains that 
significantly reduce infected Drosophila longevity (Min and Benzer, 1997) fuelled the 
drive to transfer (transinfect) these into insect disease vectors, successfully 
achieved for Aedes aegypti (McMeniman et al., 2008; McMeniman et al., 2009), and 
to identify the molecular basis of the Wolbachia induced life-shortening. 
The use of genetic modification is also being investigated for the purpose of 
manipulating vector aging. In Culex mosquitoes, transient RNAi-mediated 
knockdown of FOXO, a nuclear transcription factor of the insulin signalling pathway 
that promotes longevity processes (Piper et al., 2008), resulted in a significant 
reduction in mosquito lifespan (Sim and Denlinger, 2008). In addition, a number of 
genetic abnormalities that are known to induce late-onset diseases in humans, all of 
which share an extended expression of polymorphic polyglutamine tract repeats in 
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functionally unrelated genes (Taylor et al., 2002), are considered interesting 
candidates for generating such disease phenotypes in mosquitoes. In humans, most 
of these dominant diseases induce adult late life neurodegeneration. Drosophila 
strains ectopically expressing long tract-polyglutamine-containing proteins in 
neurons manifest phenotypes of neurodegeneration (Steffan et al., 2001; Warrick et 
al., 1999) and significant reductions in lifespan, although the mechanism by which 
this occurs remains controversial. Efforts are now underway to establish such 
diseases in mosquitoes. 
One challenge associated with all control strategies that affect vector 
longevity relates to how their effect on the natural population's age structure is 
evaluated under field conditions. A number of tools that provide semi-accurate 
estimates of mosquito age, or mosquito survivorship have been developed. At first, 
insect age-grading was achieved by measuring daily survivorship of recaptured 
individuals that had previously been caught and marked in the field (Service, 1993) 
and in the 1950s' methods based on estimating the number of gonotrophic cycles a 
caught female mosquito had gone through were pioneered as a means for 
estimating age (Detinova, 1962). More recently, sophisticated approaches have 
been developed that measure age-related differences in the abundance of 
pteridines (Wu and Lehane, 1999) and cuticular hydrocarbons (Wu and Lehane, 
1999) or age-related differences in gene expression (Cook et al., 2006; Cook et al., 
2007), but all the above methods are either highly labour intensive, potentially costly 
or not directly available for all mosquito species. 
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1.7 Biological considerations for the use of HEGs as gene drive 
systems 
1.7.1 DNA break repair in the Anopheles germlines 
As described in section 1.5, HEGs drive in host populations by inducing 
double stranded DNA breaks in chromosomes that lack the gene encoding the 
HEG. Often as a consequence of this DNA break, the cells conservative repair 
pathway, homologous recombination, uses the homologous chromosome and not 
the sister chromatid as a repair template, and thus the endonuclease is copied from 
its original single location in the host genome to a new, vacant and previously wild 
type target site. In much the same way, driving of HEGs purposefully re-engineered 
to drive in mosquito populations - in the process of spreading the malaria control 
trait - will have to rely on the break in the chromosome caused by the HEG being 
repaired by gene conversion with the homologous chromosome as the template. 
But repair by gene conversion is not the only possible pathway of repair, and 
experiments in model organisms like Drosophila and yeast have shown that the 
frequency of different types of repair can depend upon the genomic context. 
Eukaryotic cells principally use two major pathways to repair broken DNA ends: 
non-homologous end-joining (NHEJ) and homologous recombination (HR). The 
former, is a "quick and dirty" approach, sacrificing accuracy and thus genetic 
stability for the capability of immediate repair, by sticking together the broken DNA 
ends, sometimes following limited processing in the form of deletions or insertions. 
HR endows the repair process with high fidelity repair, but it requires chromosome 
replication, therefore only operating in the S/G2 phases of the cell cycle. HR is the 
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more accurate of the two systems because broken ends use homologous 
sequences elsewhere in the genome, usually the sister chromatids or homologous 
chromosomes, to prime the repair synthesis. With the exception of sister 
chromatids, repair templates are not always completely homologous, resulting to 
loss of genome heterozygosity in the broken locus. The relative contribution of 
NHEJ and HR rates to the cells repair mechanism varies between species and the 
genomic context during which repair occurs. 
In the mitotic stages of the male Drosophila germline, rates of HR using the 
homologous chromosome as a repair template, induced by HEG expression, occur 
at approximately 65% of available target sites (approximately 87% of all cleaved 
sites) whilst imprecise NHEJ accounts for approximately 10% of all sites and -12% 
sites showing evidence of HEG-induced cleavage (Rong and Golic, 2003). 
Interestingly, the timing of HEG expression is very important, whereby cleavage 
during late spermatogenesis results in NHEJ predominating the repair pathway 
chosen (Preston et al., 2006). Perhaps this is not too surprising, considering that 
during such late stages the male germline cells enter meiosis and become haploid. 
When the target site is flanked by direct repeats, the use of the intrachromosomal 
single-strand annealing (SSA) pathway often reduces the probability that the 
homologue is used for repair and results in all DNA sequence between the repeats 
being removed. 
The rates at which broken DNA ends are repaired in Anopheles in respect 
with the alternative utilisation of NHEJ or HR is currently unknown. Obviously such 
information will have a large impact on the use of HEGs in mosquito control. A large 
part of the work performed in this project was an investigation into the pathways and 
relative rates of these, with which HEG-induced cleavage is repaired in Anopheles 
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cells, embryos and transgenics (although the latter is not completed and therefore 
not included in this thesis) 
1.7.2 HEG expression 
The choice of target gene and the influence it will have on the relevant HEG 
strategy has already been discussed (see section 1.5). An equally important 
component of any HEG strategy will be the timing, sex and tissue-specificity of HEG 
expression. For HEG homing to have an impact on the segregation of the HEG 
allele in subsequent generations homing must occur in the germline of HEG 
heterozygous mosquitoes. The timing of expression is critical, since it may 
influence the probability of HEG homing (HR-induced gene conversion), which 
ideally should be as high as possible. During the later stages of spermatogenesis 
and oogenesis meiotic chromosomal disjunction would result in the unavailability of 
the homologous chromosome to prime HR repair, resulting in the prevalence of 
NHEJ or sister-chromatid primed HR repair which would minimise the invasiveness 
of the HEG. Furthermore, germline-specificity of HEG expression would ensure that 
endonuclease activity would not result in the loss of target gene function in 
heterozygote cells, in which the target gene functions, provided the target gene is 
not expressed in the germline. If the target gene is expressed in the germline, then 
the HEG must be expressed downstream of the target gene, so that expression of 
the HEG and cleavage of the target gene only occurs once the target has fulfilled its 
function. Lastly, homing in the germline of both sexes would obviously increase the 
frequency of the HEG allele in the population and reduce the generations required 
to reach maximum frequency. However, single-sex specificity may be become 
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useful in cases where the target gene functions ubiquitously at all times in the 
germline of one sex. In such cases, the HEG could be expressed only in the 
opposite sex so that HEG homing does not influence the fitness of the heterozygote. 
To achieve such specificities, HEGs must be driven from appropriate DNA 
regulatory elements. The identification and consequent application of such elements 
has required an understanding of mosquito gametogenisis. This understanding 
should be at the level of the cell cycle of the tissues during which HEGs are 
expressed and at the level of the expression of the genes that are involved in 
gamete development, in order to identify putative regulatory regions that are could 
drive HEG expression in a suitable manner. 
1.7.3 Brief overview of spermatogenesis 
Mosquito male gamete development takes place in testes, which begin their 
formation during embryogenesis when a group of pole cells move anteriorly and 
become enclosed by mesodermal sheaths. Spermatogenesis begins very early in 
mosquito development and usually within a few days after the larval-pupal ecdysis 
mature spermatozoa are clearly detectable, although this depends on the mosquito 
species and on environmental conditions. Spermatogenesis may continue in the 
adult male albeit at a reduced rate. Insect spermatogenesis is cycstic and all germ 
cells within one cyst develop simultaneously. The more posterior cysts contain the 
more developed germ cells. The primordial germ cells or germline stem cells 
(GSCs) are located in the anterior tip of testes in close proximity to the hub, a 
structure that contains a population of somatic cells whose interaction with the GSC 
population is important for the survival of the germline stem cell population. Upon 
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differentiation, GSCs become spermatogonia that undergo four rounds of mitosis to 
produce 16 interconnected (via incomplete cytokinesis) spermatocytes. These then 
enter through two rounds of meiosis forming 64 haploid spermatids which after 
some cytological differentiation become mature spermatozoa. Unlike Drosophila, 
crossing over does occur during male meiosis in mosquitoes (Clements, 1992). 
1.7.4 Brief overview of oogenesis 
Two mosquito ovaries are situated dorsolaterally in the posterior region of 
the female abdomen. The ovaries are composed of -50-100 functional units called 
ovarioles, each composed of the germarium, containing the mitotically dividing 
germline stem cells or cystoblasts as they are called in ovaries, and the vitellarium 
which contains one to three developing follicles. The ovarian follicles are the 
reproductive unit of the insect ovaries. In the meroistoic ovarioles, each follicle is 
composed of the oocyte and 7 nurse cells, all of oogonial origin, enclosed within one 
interconnected epithelium, of somatic-mesodermal origin. By the 4th larval instar 
stage the ovaries have been formed and at the pupal stage ovarioles contain 
differentiated germaria and vitellaria. Within the germarium, one GSC undergoes 
three rounds of mitosis with incomplete cytokinesis, forming 8 syncytial cells, one of 
which forms the oocyte and the remaining 7 forming the nurse cells, connected by 
cytoplasmic bridges. When the syncytium is completely surrounded by epithial cells 
it separates from the germarium and a follicle is formed. The oocyte nucleus enters 
meiotic cycles which are not completed until after fertilisation, whilst the nurse cell 
nuclei endoreplicate and become polytene. The function of the nurse cells is to 
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produce maternal ribosomes and transcripts that are transferred to the oocyte via 
the intracellular bridges (Clements, 1992). 
1.7.5 Anopheles gamblae population structure 
Anopheles gambiae sensu strictu, the primary target species of the work presented 
herein, belongs to a group of sibling species known as the Anopheles gambiae 
complex. (The name Anopheles gambiae alone, i.e. not followed "complex", is used 
throughout the text to refer to the nominotypical species Anopheles gambiae Giles 
1902, sensu strictu). The Anopheles gambiae complex is comprised of six closely 
related and morphologically indistinguishable species (namely Anopheles gambiae 
sensu strictu, Anopheles arabiensis, Anopheles bwambae, Anopheles merus, 
Anopheles quadriannulatus and Anopheles melas). Genetic heterogeneity suggests 
that the target species A. gambiae s.s. is composed of several isolated or semi-
isolated genetic units. Traditionally the study on polytene chromosomes in distinct 
A. gambiae s.s populations lead to the identification of a number of independent 
chromosomal forms (e.g Bamako, Savanna and Mopti) defined according to non-
random associations of inversions in chromosome 2 (Collins et al., 1987). The 
stability of the chromosomal inversions within sympatric populations served as an 
indicator that these likely offered ecological adaptations (della Torre et al., 2002). 
Modern genotyping has revealed the existence of fixed molecular polymorphisms 
within the transcribed and non-transcribed spacers of the X-linked rDNA repeat unit, 
leading to the classification of two molecular forms (M and S) of A. gambiae s.s 
(della Torre et al., 2001). Genome wide polymorphic associations linked to the 
molecular forms are sparse (Gentile et al., 2001) and are predominantly linked with 
genes that are thought to serve in the speciation process (Wang et al., 2001) or 
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genes that are under high selection pressure such as the kdr allele (Chandre et al., 
1999; della Torre et al., 2001). This persistence of genome wide variation between 
the molecular forms indicates that these units within A. gambiae s.s (whether 
classified by molecular or chromosomal form) are in the early stages of speciation, 
where low levels of gene flow between forms leads to genome homogenisation in 
sequences not directly involved or selected for during the speciation process (della 
Torre et al., 2002). Indeed, M-S hybrids are rarely observed in nature (-1%), 
although interbreeding yields fertile progeny (Tripet et al., 2001). The main gene 
flow barrier appears to be conducted by assortative mating as there no evidence of 
post-zygotic selection, although the specific mechanisms with which this is achieved 
remain unknown. If the chromosomal inversions influence ecological adaptation, 
independent taxa may achieve speciation by a disparity in their ability to exploit 
differing climatic and ecological conditions, such as larval breeding and adult resting 
sites. 
Independent and continent wide studies of A. gambiae s.s populations have 
revealed that there is no direct relationship that can be inferred between 
chromosomal and molecular forms and that any correlations identified in a study of 
one area do not necessarily hold true for studies performed elsewhere (della Torre 
et al., 2001; Gentile et al., 2001). More importantly however, these studies have 
highlighted that ecological, climatic and geographic variations have a significant 
impact on the frequency of these units within a defined A. gambiae s.s population, 
where the relative frequencies of chromosomal or molecular forms can vary 
dramatically across the continent. Barriers of gene flow and inversion-linked 
ecological adaptations are inevitably introducing a high level of genetic complexity in 
Anopheles gambiae s.s. populations. This complexity will have several relevant 
-59- 
Introduction 
consequences for malaria transmission and inevitably mosquito genetic control. For 
release programmes to be successful genetic modifications, irrelevantly of what 
control method they introduce, will have to be able to introgress into the wild 
mosquito populations (even if only for one generation, e.g. SIT). This could be 
hindered by barriers of gene flow if for example the released population does not 
readily mate at high frequency with the population present within the release site. 
Alternatively, introgression of the control trait may only occur within certain genetic 
units of the population without affecting others. Naturally selected ecological 
adaptations of the natural populations may also provide these with an advantage 
over release populations, their introduced genetic traits and associated genomes. 
Control programmes based on genetic introgression of suitable phenotypic traits will 
therefore have to aspire towards reaching a thorough understanding of the 
population structure of the target species prior to strategic planning or release. 
Fortunately, distinct Anopheles gambiae s.s. forms interbreed readily under 
laboratory conditions. Suitable genetic modifications will therefore be simple to 
introduce in a number of distinct Anopheles gambiae s.s. forms, alleviating the need 
of generating independent transfomants. 
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Aims of this study: 
The main objective of this PhD has been to begin assessing the suitability of 
HEGs as systems for genetic drive in Anopheles. Overall, this study can be divided 
in two parts: i) the development of reliable technologies for Anopheles to assay 
HEG activity, the genetic repair outcomes of such activity and possible toxicities 
associated with HEG function and ii) the development of necessary novel genetic 
tools to generate driving HEG constructs in Anopheles. 
To this end the study was subdivided into three major components: 
Firstly, non-engineered HEGs were assayed for activity against selectable target 
genes in Anopheles cells and embryos. The technology, originally developed as an 
interplasmid transposition assay to test TE mobility in insect cells and embryos 
(Catteruccia et al., 2000), was adapted to provide information both on the levels of 
activity of the endonucleases tested (I-Scel and I-Ppol), in terms of their ability to 
cleave the target, and also to select for events of gene conversion. These results 
were followed with experiments investigating the toxicity of HEGs in Anopheles 
cells. HEGs were selected on the basis that they have either no known targets 
within the Anopheles genome (I-Scel) or had intact target sites within genes (I-
Ppol). 
The second phase of the project focused on the need to identify novel 
Anopheles germline-specific promoters that would suitably drive the HEGs in the 
mosquito germlines. As already discussed above, to achieve transmission ratio 
distortion (TRD) homing endonucleases must be expressed in the germline of 
heterozygous mosquitoes and home into chromosomes that lack the endonuclease 
gene (HEG- chromosomes). Since the repair process must use the homologous 
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chromosome as a repair template, the expression of HEG must occur prior to 
chromosomal disjunction during meiosis. Therefore, expression of HEG exclusively 
in germline cells prior to meiosis would ensure the availability of the homologous 
chromosome and thus the homologous HEG allele as a repair template. At the 
beginning of this study, the only available and characterised genetic elements that 
could drive in anopheline germlines were those of the sperm-specific beta2 tubulin 
An. gambiae gene. Since activity from this promoter was predominantly thought to 
be post-meiotic this study focused on identifying Anopheles genes that are 
expressed in both germlines in early stages of gonad formation and differentiation. 
Identification of suitable candidate genes was initiated using database and literature 
mining on the Drosophila model and orthologous candidate gene expression in 
mosquitoes was tested. The putative regulatory regions of the best candidate, vasa, 
were tested in their ability to drive the expression of a marker gene in An. gambiae 
transgenic lines. 
The report ends with the developments towards generating the first HEG-
based synthetic sex ratio distorter for Anopheles. The system is based on the HEG-
induced X-shredding theory described above. It was initiated with the finding that I-
Ppol, an intron-encoded endonuclease of the slime mold Physarum polycephalum, 
has the ability to recognise and selectively cleave its recognition sequence located 
in the ribosomal rDNA repeats in A. gambiae. Crucially, the rDNA repeats in An. 
gambiae are located exclusively on the X- chromosome. It was therefore reasoned 
that expression of I-Ppol during spermatogenesis should incapacitate X-
chromosome carrying spermatozoa and induce sex ratio distortion. Transgenic 
mosquitoes were developed that express I-Ppol during spermatogenesis and the 
effects of endonuclease expression were assessed. 
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2 Materials and Methods 
2.1 Bacterial Cultures 
Cloning was performed in E.coli DH5aTM strain (Invitrogen). All bacteria were 
cultured in Laura-Bertani (LB) medium (1% BactoTM Tryptone [w/v], 0.5% BactoTM 
Yeast Extract [w/v], 1% NaCI [w/v]) in the presence of the appropriate antibiotic for 
plasmid selection. Solid LB plates were made by adding 1.5% BactoAgar [w/v] 
(Becton Dickinson) to the same medium. 
2.2 Chemical transformation of E.coli with plasmid DNA 
An appropriate volume of competent cells were allowed to thaw on ice and then 
immediately mixed with the selected plasmid and incubated on ice for 30min. The 
cells were then heat-shocked at 42°C for 30-90sec and immediately transferred to 
ice for 2min. 800p1 of pre-warmed LB medium was then added to the mix and the 
cells then shaken at 225rpm at 372C for 1h. Cells were harvested by centrifugation 
at 3000rpm for 5min and once resuspended in a desired volume (-.150p1) were 
plated on LB agar plates containing the appropriate antibiotic selection. 
2.3 Extraction of plasmid DNA from transformed E.coli by alkaline lysis 
Extractions of plasmid DNA from a small scale culture were performed by alkaline 
lysis with SDS (Sambrook and Russel, 2001). Briefly, 1.5ml of an overnight culture 
was centrifuged at maximum speed for 30sec and resuspended in 100p1 of ice-cold 
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Alkaline Solution I (50mM Glucose, 25mM Tris-HCI pH 8.0, 10mM EDTA pH 8.0) by 
vigorous vortexing. 200p1 of freshly prepared Alkaline Solution II (0.2N NaOH, 1% 
(w/v) SDS) were added to the suspension and mixed by inverting the tube without 
vortexing to avoid fracture of genomic DNA. 150p1 of ice-cold Alkaline Solution III 
(5M Potassium acetate, 11.5% (v/v) Glacial acetic acid) was added to the mix and 
the tube was inverted several times to ensure neutralisation and precipitation of 
insoluble proteins, genomic DNA and cell debris. After a 5 min incubation on ice, the 
cell suspension was centrifuged at maximum speed for 5min. The supernatant, 
containing the plasmid DNA, was further purified by phenol extraction. Briefly, an 
equal volume of phenol:chloroform:isoamyl alcohol was added to the supernatant 
and the mixed by vortexing. The emulsion was then centrifuged for 2min at 
maximum speed and the top aqueous layer containing the DNA was then added to 
an equal volume of chloroform:isoamyl, in order to remove all traces of the organic 
phenol. Once again, the suspension was vortexed and centrifuged as above and the 
top aqueous layer was removed carefully and added to 2 volumes of room 
temperature ethanol. Precipitation occurred at -20°C for 10-20min and the DNA was 
recovered by centrifugation for 10-20min at 4°C. The DNA pellet was then briefly 
washed with 70% ethanol and once all traces of ethanol had evaporated the pellet 
was resuspended in an appropriate volume of TE Buffer (100mM Tris-HCI, 10mM 
EDTA) or ddH2O. 
2.4 Large-scale (`Maxi-Prep') preparation of plasmid DNA 
Large-scale purification (100pg-1pg) of plasmid DNA was achieved using the 
QIAGEN Plasmid Maxi Kit (QIAGEN), following the manufactures instructions. The 
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protocol essentially follows the alkaline lysis method but the scale of culture is 
increased. Endofree Maxi-preps were used when preparing plasmids for Anopheles 
embryo injection. 
2.5 Enzymatic Manipulation of DNA 
2.5.1. Restriction Digestion 
All digestions were performed in 25p1 volumes, using enzymes by Roche or New 
England Biolabs, and their respective buffers. DNA was digested in1X Buffer and 
incubated at 37°C for more than 2h. Commonly, 1 unit of enzyme is sufficient to 
digest 1pg of DNA in 1h, however given the usual low purity of the DNA, 
approximately 4-fold excess enzyme was used, while ensuring that the overall 
volume of enzyme added was not more than 10% of final volume of the digestion 
mix, since glycerol which is included within the enzyme storage buffer can have 
inhibiting effects to the digestion if present at more than this ratio. Ultimately, if any 
of the restriction products were required for subsequent cloning, the restriction 
digest was loaded on a 1% agarose gel to isolate and purify any of the required 
bands. 
2.5.2. Ligation of restriction products 
Ligations were either performed with T4 DNA ligase (Roche) or with Takara Ligase 
(Takara) following manufacturer's instructions. These enzymes catalyze the fusion 
of two strands of DNA between the 5'-phosphate and the 3'-hydroxyl groups of 
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adjacent nucleotides. Multiple reactions were performed with differing molar ratios of 
insert to vector to ensure appropriate molar conditions for efficient ligation, whilst 
negative controls were always included to ensure that the colonies observed after 
transformation did not stem from re-ligated vectors containing no insert. 
2.5.3. Dephosphorylation of plasmid DNA vectors 
Dephosphorylation reactions of digested vector plasmids were carried out within the 
digestion reaction by adding 1 p1 of either Calf Intestine Alkaline Phosphatase 
(Roche), or Antarctic Alkaline Phosphatase (NEB) and continuing incubation at 
37°C for 30 min. Inactivation of the enzyme was either performed by incubating the 
reaction at 65°C for 20min or by loading the mix directly in a 1% gel and 
subsequently gel extracting the band to purify the vector. 
2.6 Spectrophotometry of DNA 
Determination of DNA concentration and purity was performed using a Nanodrop 
Spectrophotometer by loading 1.5p1 of sample with absorbance readings taken at 
wavelengths of 260nm and 280nm, simultaneously. At 260nm, absorbance A was 
used to calculate the concentration of the dsDNA, where an OD of 1 unit 
corresponds to -50pg/ml. The ratio between the reading at 260nm and 280nm 
(0D260:0D280) presented the purity, where high quality preparations of DNA have an 
OD260:0D280 ratio of -1.8. 
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2.7 Agarose gel electrophoresis 
For size separation, DNA was run on a 0.8%-1.0% agarose gel [w/v] containing 
ethidium bromide (0.5 pg/mL) in 0.5 x TAE buffer (20 mM Tris-acetate, 0.5 mM 
EDTA [pH 8.0], pH 8.3) at 90-120 V and then examined under UV light at 312 nm on 
a Herolab UVT-20M transilluminator. 2.5 pL Hyperladder ITM (Bioline) was included 
to estimate the size and quantity of the fragments. 
2.7.1 Extraction of DNA from agarose gels 
To extract DNA fragments following restriction digestion or PCR amplification, 
samples were loaded onto a 1% agarose gel [w/v] and separated at 10 V/cm. DNA 
was stained with ethidium bromide (0.5 pg/mL), examined and photographed under 
UV light of 312 nm. In this way desired fragments could be separated by size and 
excised from the gel with a scalpel. All gels were made with DNA-grade agarose 
(BDH). DNA was isolated from the agarose gel blocks using the QlAquick Gel 
Extraction Kit (Qiagen). The QIAquick system consists of a spin column containing a 
silica-gel membrane adapted to isolate DNA from agarose gels. The absorption of 
DNA to the silica-gel surface occurs in the presence of a high concentration of 
chaotropic salts while contaminants pass through the column. Impurities are 
washed away, and the pure DNA eluted. The procedure was carried out according 
to the manufacturer's instructions. 
-67- 
Materials and Methods 
2.8 Polymerase Chain Reaction (PCR) 
In all cases, PCR reactions were performed using a Applied Biosystems Veriti PCR 
thermal cycler. Primers were designed based on the sequence of a known plasmid 
or the published A. gambiae (str. PEST) sequence and ordered from MWG-Biotech. 
Although the cycling conditions and template concentrations varied considerably, 
standard PCR reactions contained 1 x Taq PCR buffer without MgCl2 (10 mM Tris-
HCI, 50 mM KCI, pH 8.3), 2 mM MgCl2, 0.2 mM each of dATP, dCTP, dGTP, dTTP 
(Roche Molecular Biochemicals), 25 pmol of each primer and 0.25 U of Taq DNA 
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2.9 Plasmids construction for relevant thesis chapters: 
2.9.1 Ex-vivo cloning procedures (Chapter 1) 
The target plasmids pBC/SacRB S1 / S2 / S3 and pBC/SacRB P1 were constructed 
as follows: pBC/SacRB (Klinakis et al., 2000) was cut with Sall & Pstl, ends filled in 
with T4 DNA polymerase and religated to remove a redundant EcoRI site. Linkers 
were created by annealing 5' phosphorylated oligonucleotides: 
Linker Oligo 
S1 AATTCATTACCCTGTTATCCTAG 
AATTCTAGGGATAACAGGGTAATG 
S2 AATTCGATAGGGATAACAGGGTAATTG 
AATTCAATTACCCTGTTATCCCTATCG 
S3 AATTCAATTACCCTGTTATCCCTACCG 
AATTCGGTAGGGATAACAGGGTAATTG 
P1 AATTCCGCTACCTTAAGAGAGTCG 
AATTCGACTCTCTTAAGGTAGCGG 
which were cloned into the now unique EcoRI site in the SacRB CDS. Selection 
against SacRB was performed in LB agar lacking NaCI containing 15% sucrose 
(w/v) and chloramphenicol (25pg/ml).To create pSL-SacRBTet the minimal 1.5kb 
tetracycline resistance cassette from pBR322 was amplified and cloned into 
pBC/SacRB with EcoRl. 
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Primers Sequence 
TetFwd 
TetRev 
TTCAAGAATTCTCATGTTTGACAG 
ATGAATTCTGCTAACCAGTAAGGCAACC 
The Tet cassette replaces the I-Scel site and disrupts the SacRB gene. The 3.4kb 
SacRBTet cassette was moved to pSLfa1180fa (Horn and Wimmer, 2000) using 
Xhol/Xbal to create pSL-SacRBTet. 
To create pDR-CMV-GFP the CMV promoter from pEGFP-Ppo was amplified with 
the primers CMVFwd and CMVRev and cut with Apal & EcoRl. The fragment was 
ligated into partially Apal & Ecorl digested pDR-GFP (Pierce et al., 1999). This 
replaces the 3' part of the chicken 13-actin promoter with CMV. To remove the 
remaining sequences of the chicken 13-actin promoter the resulting vector was cut 
with SnaBI and religated. 
pSL-Act-EGFP was constructed in pSLFa1180fa to contain the 2.5 kb Drosophila 
Actin5C promoter driving EGFP (BamHI/Xbal fragment) and the Drosophila Hsp70 
terminator. 
Primers Sequence 
CMVFwd 
CMVRev 
AAAGGGCCCTAGTTATTAATAGTAATCAATTACGGGGTCATTAG 
AAAGAATTCGATCTGACGGTTCACTAAACCAGCTC 
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2.9.2 Vasa-eGFP cloning procedures (Chapter2) 
For Vas1GFP the 1957bp used as putative promoter and 5'UTR was amplified from 
G3 genomic DNA using primers Vas51wd1agel and Vas5'rev1 ncol. The resulting 
fragment was cloned into pEGFP (Clontech) using Agel and Ncol, 5' of the eGFP 
coding region. The Vas3'UTR and 3'flanking sequences (1000bp) were amplified 
with primers Vas3'fwd2notl and Vas3'revlecorl and inserted 3' of the eGFP stop 
codon using Nofl and EcoRl. The 3.6kb cassette was removed from the resulting 
plasmid with Agel and EcoRI and subcloned in the shuttle vector pslfa11180fa. 
Finally, the Vas1GFP cassette was cloned into pBac3xP3RFP with Ascl. For 
Vas2GFP the putative promoter and entire vasa 5'UTR (2291bp) were amplified 
using primers Vas5'fwd4agelascl and Vas5'revcdspcil. The fragment was digested 
with Agel and Pcil and cloned into pEGFP digested with Agel and Ncol. The 3'UTR 
and 3'flanking sequence (1000bp), amplified with Vas3'fwd2notl and 
Vas3'rev5asclnotl, was inserted in the above construct with Notl and finally the 
entire cassette was removed with Ascl and cloned into pBac3xP3RFP. The resulting 
constructs pBac{3xP3RFP}Vas1GFP and pBac{3xP3RFP}Vas2GFP were called 
Vas1GFP and Vas2GFP respectively. 
Primers Sequence 
Vas5'fwd1agel AGACCGGTGCGCACATTACCTGCGATCACG 
Vas5'revl ncol GTTCCCATGGCTGAG I I I I GAAGTACTATTC 
Vas3'fwd2notl GTGCGGCCGCCTTGGGGTGGGGTTGTTATGTGTTG 
Vas3'rev1ecorl CAGAATTCGAAAATGTGGCCATTAACAGCAG 
Vas5'fwd4agelascl GGACCGGTGGCGCGCCATGTAGAACGCGAGCAAATTCTTTTCC 
Vas5'revcdspcil CCGCACATGTTTCCTTTCTTTATTCACC 
Vas3'rev5asclnotl GGCGGCCGCGGCGCGCCGAAAATGTGGCCATTAACAGCAG 
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2.9.3 132tubulin-l-Ppoi cloning procedures (Chapter 3) 
The 1.2kb eGFP::I-Ppol cassette was amplified from pEGFP-nPpo using primers 
PpoH34b2f and PpoH34b2r. A 1.7kb beta2 tubulin GFP cassette was amplified from 
pPB[DsRed]beta2EGFP (Catteruccia et al., 2005) using primers b2sAsclfwd and 
b2sAsclrev and cloned into the shuttle vector pSLfa1180fa (Horn and Wimmer, 
2000) using Ascl. From this vector the original GFP was removed with Hindlll and 
replaced by the eGFP::I-Ppo/ cassette cut with HindIII. The resulting 2.3kb cassette 
contains the nuclear localization signal between the N-terminal eGFP and the C-
terminal I-Ppol coding regions which are flanked by the i32 regulatory regions and 
was moved into the pPB[DsRed] backbone using Ascl to create pBac{3xP3-
DsRed}f32-eG FP:: I-Ppol. 
Primers Sequence 
PpoH34b2f 
PpoH34b2r 
b2sAsclfwd 
b2sAsclrev 
ACCGGTCAAGCTTATGGTGAGCAAGGGCGAGGAGCTGTTC 
GGTACCGTCAAGCTTATACCACAAAGTGACTGCCCCTTTGTTG 
AAGGCGCGCCCTAGCGTTCATAATTGATATAG 
AAGGCGCGCCCGATTTAAGGACCGATTCC 
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2.10 Mosquito Procedures 
2.10.1 Mosquito breeding and rearing 
A. gambiae (G3 strain) and A. stephensi Liston (str. sd500) adult mosquitoes were 
maintained at 28 °C, 70% humidity in a 12 h light:12 h dark cycle and fed on 5% 
glucose [w/v]. Egg production was induced by starving 3-5 day old female 
mosquitoes for a few hours and then allowing them to feed on anaesthetized mice 
(str. TO). 2 days after blood feeding, eggs were laid on a funnel of filter paper 
immersed in dH2O and after hatching, larvae were transferred into trays with dH2O 
containing 0.1% Pond Guardian Tonic salt [w/v] (Interpet) (called salt water from 
here). Larvae were grown at 25 °C, 70% humidity and fed on fish food pellets. After 
10-12 days, pupae were collected and adult mosquitoes allowed to emerge in 
cages. 
2.10.2 Microinjection of A.gambiae and stephensi embryos 
Transgenic lines were developed as described (Catteruccia et al., 2005; Lobo et al., 
2006)(Catteruccia et al., 2005; Lobo et al., 2006). Blood-fed female Anopheles 
mosquitoes were allowed to lay eggs 48-72 h post blood meal. Eggs were laid on a 
petri dish containing 3MM paper soaked in salt water. Once sufficient amount of 
eggs were laid on the petri dish, the eggs were mature for 30min in insectary 
conditions and injections were performed until approximately 120 min after 
oviposition. 10 eggs were aligned for each set of injections using a fine brush on a 
nitrocellulose membrane moistened with 10X microinjection buffer (50nM KCI, 1mM 
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NaPO4, pH7.2). Eggs were aligned in a straight line against a cover slip with their 
posterior pole pushing against the cover slip and their dorsal side facing up. Once 
appropriately aligned eggs the membrane was dehydrated and eggs were 
desiccated for 1-2nnin to facilitate transfer onto double sided taped. A cover slip 
containing a fine strip of double-sided tape was gently lowered on the embryos and 
was lightly tapped to stick embryos on the tape. The cover slip was then removed 
and attached to a glass slide (with double sided tape). Embryos were immersed in 
10X microinjection buffer and injected into the posterior pole. 
Microloader tips (Eppendorf) were used to load 2 pL of nucleic acid solution 
containing 800 pg/mL of helper piggyBac transposase RNA and 200 pg/mL of 
transformation plasmid, into glass needles (Eppendorf Femtotips). All nucleic acid 
solutions for injection had been resuspended in 1X microinjection buffer and 
centrifuged for 1 min to precipitate debris prior to loading into Femtotip injection 
needles. The helper RNA was produced from plasmid pBSII-IFP2orf containing the 
intronless piggyBac transposase gene under the transcriptional control of the T7 
promoter which was used for in vitro synthesis of capped RNA using the mMessage 
Machine (Ambion) following manufacturer's instructions. 
Loaded injection needles were connected to a microinjector (Eppendorf Femtojet 
Express) that was manually controlled. Microinjections were performed using a 
Narishige NT-88NE 3-dimensional micromanipulator at 100 x magnification on a 
Nikon Diaphot microscope. The needle was introduced into the posterior pole of the 
embryo at a 15° angle. Regulation of injection pressure ([pi]=680 hPa; 
compensation pressure [pc]=184 hPa) and time (0.1 s) controlled the injected 
volume. Following injection, embryos were submerged in ultrapure dsH2O whilst still 
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attached to the double sided tape in petri dishes. Embryos were transferred back to 
an insectary and hatched larvae collected immediately. 
2.10.3 Generation of transgenic lines 
2-3 days after injection eggs were checked for survivors. Typical survival ranged 
around 10% of injected eggs. Survivors were screened for transient expression of 
the fluorescent marker (typically 3XP3-RFP) and only transiently expressing larvae 
were kept, grown to adulthood and mated to wild types. Male and female transient 
survivors were batch-crossed: all females were batch crossed with wild type males 
(usually adding about 3-6 times the amount of males to the number of females but 
at least 40-50males to ensure swarming) and all males were batch crossed to wild 
type virgin females (usually adding 3-4 times the amount of females). 3 days after 
establishment of the cross, females were blood-fed and allowed to lay eggs 48hours 
later. G1 progeny were screened for transgenic expression of the fluorescent 
marker and independent lines were established. Inverse-PCR reactions followed by 
sequencing were then performed to establish the genomic integration site and test 
crosses were setup to establish the number of integration sites based on mendelian 
segregation of the transgenic cassette. 
2.11 Bioinformatic procedures 
All sequences used for the purposes of this study were retrieved either from the 
A.gambiae vectorbase database 
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(http://www.ensembl.ora/Anophe/es aambiae/index.html) for An.gambiae genomic 
data or from Flybase (http://www.flybase.org) for Drosophila data. For preliminary 
comparative genomic datasets, Flymine (http://www.fIvrnine.ora) which provides an 
orthologue classification by in-paranoid analysis was used. For EST data Anoest 
was used. The structural organisation and the resulting transcriptional output of the 
Open Reading Frames (ORF) were interpreted using the gene prediction software 
Augustus, rapid amplification of cDNA ends (RACE), EST clustering. Alignments 
were performed with the Clustal suite and phylogenetic trees were generated with 
Treeview. The predicted transcript sequences were checked for indicative gene 
expression profiling data (httr://www.anaaoeruci.bio.uci.edu). To validate the 
expression profile of the endorsed putative genes, oligonucleotide primers were 
designed for amplification by PCR on cDNA template, constructed from total RNA 
extractions of the relevant organs, i.e. testes or ovaries, or sexed — male or female. 
Ex-vivo assay procedures 
2.12. Anopheles gambiae cell culture procedures 
2.12.1 Cultures and transfections 
Cells from the stable anchorage-dependent A. gambiae cell line, Suakoko 4 (Sua 
4.0) (H.M. Muller et al, 1999) were cultured in Schneider's Drosophila medium 
(Invitrogen) supplemented with 10% FCS (Invitrogen) and 200 u/ml penicillin and 
200 Ig/mIstreptomycin sulphate (Invitrogen) in a cooled incubator at 27°C. 
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HEG activity assays were performed by lipid-mediated transient transfections 
following manufacturers instructions (Effecten, Qiagen) of 1-3 x 105 cells with 2 
lag/ml (culture volume) recipient plasmid and 4 pg/ml donor plasmid. 6 h post-
transfection the Effectene-conditioned medium was aspirated and cells were 
resuspended in fresh complete growth medium. When necessary, cells were heat-
shocked for 1 h at 41°C, 24 hrs post-transfection to induce expression of I-Scel from 
the Drosophila Hsp70 promoter on the pP[v+, 70 I-Scel] plasmid. Transfection 
efficiency was examined 24-48 h post-transfection by assessing the fluorescence of 
cells transfected with plasmid expressing GFP or RFP under the control of an 
Drosophila constitutive promoter Actin5C (experimental positive control), on a Nikon 
inverted microscope at appropriate excitation wavelengths. Total DNA was 
extracted 48hrs post-transfection (Promega Wizard Genomic DNA purification Kit) 
and resuspended at 25-40p1. This preparation was used to transform E. coli DH5a 
strain which were plated on LB-Agar plates lacking NaCI, as it was observed that 
this increased the selectivity against the SacRB gene. 
2.12.2 Fluorescence microscopy of cell lines 
A.gambiae Sua 4.0 cells were transfected with pEGFP-Ppo, pEGFP-Ppo H98A and 
the control pSL-Act-GFP, and 48 hrs later cells were fixed for 5 min in 4% 
paraformaldehyde and permiabilised for 10 min with 0.1% Triton X-100. Nuclei were 
stained with DAPI (2ng/p1) and actin filaments with Alexa546-phalloidin (1u/ml, 
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Invitrogen). Cell micrographs were taken at 40x magnification using a Zeiss 
widefield microscope. 
2.12.3 Cell proliferation assay 
Sua 4.0 cells were transfected with either of the two endonuclease plasmids 
(4pg/ml) together with pIBN5-His (2pg/m1), conferring resistance to blasticidin 
(Invitrogen). Forty-eight hours post-transfection, blasticidin was supplemented to the 
complete medium at 50pg/ml. Cells were incubated in blasticidin for an initial 
proliferation period of 5 days, at which point they were harvested and re-seeded at 
1.5 x 105 cells / ml and grown for a further 5 days. Transfections were performed in 
triplicates and cell numbers for each were counted in 4 replicates. 
2.13 Embryo microinjections and preparation of low molecular weight 
DNA 
A.gambiae adult females (G3 strain) were allowed to deposit their embryos 72hr 
after a blood meal on a moist filter paper. Embryos were injected 60-120 min after 
oviposition, essentially as in section 2.10.2. Embryos were injected with a mixture of 
I-Scel donor plasmid pP[v-F, 70 I-Scel] (400pg/ml), Tet donor plasmid pSL-SacRBTet 
(500pg/ml) and HEG target plasmid pBC/SacRB S1 (500pg/ml). Approximately 150 
to 200 embryos were microinjected and 12 hrs later embryos were heat-shocked for 
1h at 41°C and left to recover for 2hrs. To extracted low molecular weight DNA 
embryos were homogenised in 10p1 grinding buffer (0.1M NaCI, 0.2M sucrose, 
0.1M Tris-HCI, pH9.1, 0.05M EDTA, 0.5% SDS). 90p1 grinding buffer was then 
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added and the mixture was incubated for 20min at 4°C whilst slowly adding 25p1 of 
5M NaCI. The mixture was incubated at 4°C for 16hrs and samples were 
centrifuged at 140000rpm for 30min at 4°C. The supernatant was extracted with 
phenol chloroform twice and once with chloroform/isoamyl alcohol (24:1) and 
resuspended in 20p1. 15Ong of the recovered DNA was used to transform E.Coll 
DH5a strain. 
2.14.1 SDS-PAGE protein analysis 
One-dimensional (1-D) sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was used to characterise I-Scel expression from pP[v+, 70 I-Scel] in 
transiently transfected Sua4.0 lines . The instructions for electrophoresis of 
NuPAGE® Novex Bis-Tris Gels using the XCell SureLockTM Mini-Cell (Invitrogen) 
were used throughout. Briefly, total protein samples were collected by precipitating 
the cells at 140000rpm for 5min at 4°C. Cells were resuspended in 20pI sterile PBS. 
An appropriate volume was used together with 4 x NuPAGE® LDS Sample Buffer 
(Invitrogen) and 10 x NuPAGE® Reducing Agent (Invitrogen) in a final volume of 10 
pL. Samples were incubated at 70 °C for 10 min and loaded onto a NuPAGE® 
Novex Bis-Tris Gel (Invitrogen, 8-14%). Proteins were separated at 200 V in 1 x 
NuPAGE® SDS Running Buffer. Molecular weight standards (Invitrogen 
BenchmarkTM Pre-Stained Molecular Weight Standard [10-190 kDa]) were run 
alongside protein samples to estimate the size of separated proteins. Gels 
containing separated proteins were used for immunoblot analysis. 
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2.14.2 Immunoblot analysis 
Following separation by 1-D SDS-PAGE, proteins were blotted onto a nibrocellulose 
membrane (blotting buffer: 25 mM Tris-HCI, 192 mM glycine, 0.01% SDS [w/v], 20% 
methanol [v/v]) using a semi-dry transfer unit (Hoefer) run at 20 V for 30 min. 
Successful transfer was confirmed using the Ponceau reversible protein stain before 
membranes were blocked for 1 hr at room temperature or overnight at 4 °C in 2 x 
TBST (Tris-buffered saline Tween-20) (20mM Tris-HCI [pH 8.0], 300 mM NaCI, 
0.1% Tween-20 [v/v]) containing 2% BSA [w/v] (Sigma-Aldrich) and 3% dry milk 
[w/v]. Membranes were then probed using an anti-HA mouse primary monoclonal 
antibody (mAb) diluted in the same blocking solution (diluted 1:2000) for 1 hr at 
room temperature. After washing with 2 x TBST twice for 5min, bound antibodies 
were detected using goat anti-mouse horseradish peroxidise-conjugated (HRP) 
secondary antibody (Jackson lmmunoresearch Laboratories, Pennsylvania). The 
secondary antibody was used at a dilution of 1:7,500. Following a further round of 
washing with 2 x TBST, peroxidise activity was revealed by the enhanced 
chemiluminescence (ECL) detection system according to the manufacturer's 
instructions (ECL plus, Amersham Pharmacia) and exposure to high performance 
chemiluminescence film (HypefilmTM ECL, Amersham Bioscences). 
2.15 Fluorescent activated cell sorting (FACS) 
Sua 4.0 cells were transfected with pDR-CMV-GFP (2pg/m1) in the presence or 
absence of donor plasmid pP[v-F, 70 I-Scel] (4pg/ml). Twenty-four hours post-
transfection, cells were heat-shocked for 1h at 41°C to induce expression of the 
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hsp70 promoter. Cells were detached by banging, washed and resuspended in 
sterile PBS. Gene-conversion was measured by fluorescence activated cell sorting 
(FACS) 72hrs post-transfection using a Beckman FAGS Calibur; Gates were 
established based on size and cell diffraction to remove contaminants. 50,000 size-
dependent gated events were analysed for GFP fluorescence versus red 
background fluorescence. Deviation from basal red to green fluorescence axis 
towards the green axis was treated as an event. Data were analyzed using the 
FlowJo software package. Transfection efficiency was assessed by parallel co-
transfections with an Actin5C-DsRed plasmid in which red fluorescence was 
measured versus background green fluorescence. 
2.16 Southern blot and primer extension 
Southern blotting was performed to verify both activity of I-Seel and I-Ppol against 
target plasmids and activity of I-Ppol against its nascent genomic target. In each 
case, total DNA (2 pg) was digested overnight at 37 °C with the appropriate enzyme 
whose sites flank the target sites (10 U of restriction enzyme/pg of DNA). Digested 
DNA was separated on a 0.8% agarose gel [w/v], depurinated by exposure to UV at 
312 nm for 2 min, and treated with alkaline denaturation buffer (0.5 M NaOH, 1 M 
NaCI) twice for 20 minutes. DNA on the gel was transferred for 6-8 h to a HybondTm-
N+ charged nylon membrane (Amersham) using denaturation buffer. The 
membrane was neutralised in 3 x SSC (from a 20 x SSC stock; 3 M NaCI, 0.3 M 
sodium acetate) for 5 min and then UV cross-linked for 1 min (1500 J/cm3). The 
membrane was incubated with 25 mL of prehybridisation buffer (for 100 mL: 50 mL 
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0.5 M Na2HPO4 [pH 7.2], 35 mL 20% SDS [w/v], 200 pL 0.5 M EDTA, 10 mL 10% 
BSA [w/v]) at 55 °C for 2 h. The prehybridisation buffer was then replaced with fresh 
buffer supplemented with 50 pL of the denatured 32P-dATP-labelled probe 
generated with the High Prime DNA labeling kit (Roche) and purified with 
ProbeQuantTM G-50 columns (GE Healthcare) and hybridization was performed 
overnight at 55 °C. After probe hybridization, the membrane was washed in two 
consecutive steps, first with a 3 x SSC, 0.5% SDS [w/v] solution at 50 °C, followed 
by a 1 x SSC, 0.5% SDS [w/v] solution at 50 °C. Probe binding was then visualised 
using a FUJIFILM-FLA-5000 Phosphoimager (Fuji Photo Film Co. Ltd, Stamford, 
CT, USA). 
For primer extension, genomic DNA was digested with Hincll (a.k.a. Hindi!). The 
reaction was performed essentially as described (Raghavan et al., 2005) using the 
5' P32 labeled primer rPrex and vent (exo-) polymerase (New England Biolabs). The 
reaction products were resolved on a 6% denaturing polyacrylamide gel. 
Visualisation was also performed using a FUJIFILM-FLA-5000 Phosphoimager 
(Fuji Photo Film Co. Ltd, Stamford, CT, USA). For in vitro digestions commercially 
available 1-Ppol (Promega) and 1-Scel (New England Biolabs) enzymes were used. 
2.16.1 Radioactive probe synthesis 
The High Prime DNA Labelling Kit (Boehringer) was used to prepare probe following 
the manufacturer's instructions. Probes used were either a 2kb rDNA PCR fragment 
amplified from genomic DNA using the primers ProbFwd and ProbRev or linearised 
SacRB gene cut with Hindlll and Xhol. A total of 25 ng of gel-extracted template 
DNA was denatured in a boiling water bath for 10 min and then immediately chilled 
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on ice. DNA was radio-labelled with 4 pL of the High Prime Labelling mixture (1 
U/pL Klenow polymerase, labelling grade, and 5x stabilised reaction buffer in 
glycerol, 50% [v/v]), 0.075 mM each of dCTP, dGTP, dTTP and 5 pL [a32P] dATP 
(10 pCi/pL, 6,000 Ci/mmol) (Amersham Pharmacia Biotech) and incubated for 20 
min at 37 °C. The reaction was terminated by the addition of 2 pL EDTA [pH 8.0] 
and 28 pL of STE buffer (10 mM Tris-CI [pH 8.0], 0.1 mM NaCI, 1 mM EDTA [pH 
8.0]), bringing the mix to a final volume of 50 pL. ProbeQuant micro Sephadex G-50 
DNA columns (Pharmacia Biotech) were used in order to remove the 
unincorporated radioactive and non-radioactive dNTPs. Following column 
centrifugation at 500 x g for 1 min, the radioactive probe was added to the column 
resin and centrifuged for 2 min at 500 x g. Before use, probes were denatured for 10 
min in a boiling water bath and then transferred immediately to ice. 
Primers Sequence 
rPrex 
ProbFwd 
ProbRev 
GTTAATCCATTCATGCGCGTCACTAATTAG 
GCCGAAGCAATTAGCCCTTAAAATGGATG 
CACCAGTAGGGTAAAACTAACCTGTCTCACG 
Vasa promoter procedures 
2.17 Transcriptional profiling of vasa expression 
Total RNA was prepared from dissected mosquito tissues using TRI reagent 
(Ambion). Briefly, samples were homogenized in 0.5 mL of TRI-reagent. Samples 
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were then allowed to stand at room temperature for 5 min and then centrifuged at 
10,000 x g for 10 min at 4 °C to remove the majority of the exoskeletal debris. The 
supernatant was transferred to a new tube and 0.1 mL of chloroform was added for 
phase separation. The tubes were shaken vigorously by hand twice and allowed to 
stand at room temperature for 2-3 min, prior to being centrifuged at 10,000 x g for 
15 min at 4 °C. The aqueous phase, containing the total RNA, was removed and the 
RNA precipitated with 0.25 mL of isopropanol. Samples were stored at room 
temperature for 10 min and then centrifuged at 10,000 x g for 10 min. The RNA 
pellet was then washed with 0.5 mL of 75% ethanol [v/v], centrifuged again, and 
pellets air-dried. The samples were resuspended in 20 pL of RNAse-free dsH2O. 
The integrity and quantity of RNA was analysed on a 1% agarose gel [w/v] as well 
as spectrophotometrically. Samples were stored at -80 °C. 
RQ1 DNAse (Promega) treatment was then performed for 1 hour at 37°C to remove 
contaminating genomic DNA and cDNA was prepared using Superscript II 
(Invitrogen) and oligodT primers (Invitogen) following the manufacturer's 
instructions. 0.5p1 of the resulting cDNA samples was used for PCR using Phusion 
DNA Polymerase (Finnzymes). 
Primers Sequence 
S7F GGCGATCATCATCTACGTGC 
S7R GTAGCTGCTGCAAACTTCGG 
beta2-tubulinF GCCCGTAGGAATCGCACGTATTCGG 
beta2-tubulinR GATCGAGAACGTGTTCATGATGCGGTC 
nanosF GTTTGCAAGCCGTGCAGCAAAGGG 
nanosR CCCTTACGGTGTATCTTATGCCGCCG 
vasaF CCAGCCGAATAGTACTTCAAAACTCAGC 
vasaR CGCAACACATAACAACCCCACCCC 
eGFPF GAGCAAGGGCGAGGAGCTGTTCACC 
eGFPR CTTGTACAGCTCGTCCATGCCGAGAG 
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2.18 Confocal microscopy of dissected adult gonads 
Dissected gonads were fixed in methanol—free 4% formaldehyde (Pierce) in PBS for 
30min and washed 3 times for 15min in 0.1% Tween-20 PBS. Gonads were then 
mounted on fresh slides containing Vectashield mounting medium with DAPI 
(Vectorlabs. Inc.) with cover slips. Multiplane z-stacks were collected by confocal 
analysis (SP5; Leica) at appropriate excitation and emission wavelengths. 
2.19 Maternal Deposition 
To test for maternal deposition we crossed virgin heterozygote transgenic Vas2GFP 
females with wild type males and as a control, heterozygote transgenic Vas2GFP 
males with virgin wild type females. Mosquitoes were mated for 5 days and females 
were allowed to lay eggs 3 days after a blood meal. mRNA was extracted from 
approximately 100 eggs at several time points post-oviposition and subjected to RT-
PCR analysis using GFP, vasa and S7 primer pairs. For fluorescent scoring 
hatchlings resulting from the above crosses were scored for GFP and RFP 
fluorescence immediately after hatching and after 5 days in the 2nd instar stage. 
2.20 Computational modelling 
A randomly mating population was modelled in which three classes of alleles at a 
female fertility locus: wild type (wild type), HEG-containing (HEG) and the 
misrepaired (M) are assumed. The M allele is non-functional and not cleavable by 
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the endonuclease. HEG/HEG, HEG/M, and M/M females are inviable or sterile, but 
males are unaffected by loss of gene function. In the germlines of male and female 
HEG/wild type mosquitoes the wild type allele is cleaved with probability c and then 
repaired by homologous recombination (HR) with probability hg or by non-
homologous repair (NHR) with probability 1 - tip where h is the rate of homing. The 
two computational models generated differ in the class of female fertility gene 
targeted: (i) those that are only needed in somatic tissues, so that cleavage and 
repair in the germline of heterozygous females has no effect on their fertility or 
viability; and (ii) those that are required in the female germline after HEG 
expression, so that cleavage and repair in the germline of heterozygous females will 
sterilize those same females. Inherited alleles of embryos arising from HEG/wild 
type mothers can be further cleaved by homing endonuclease maternal deposition, 
with probability m and then repaired by homologous recombination (HR) with 
probability he or by non-homologous repair (NHR) with probability 1 - he. As there is 
no data about the consequences of homing endonuclease maternal deposition in 
embryos we have modelled possible two scenarios: (i) cut sites are repaired with 
rates identical to those assumed for the germline (he = hg), or (ii) where all sites are 
repaired by non homologous repair (he = 0). 
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Targeting a somatic female fertility gene (invasive approach)  
At the target locus there are 3 different alleles: wildtype (wt), HEG-containing 
knockout (HEG), and misrepaired mutant knockout (M). Therefore there are 6 
genotypes: HEG/HEG (genotypel), HEG/wt (genotype2), wt/wt (genotype3), 
M/HEG (genotype4), M/wt (genotype5), M/M (genotype6). 
Let the frequencies of these 6 genotypes in adult males be ml, m2, m3, m4, m5, 
m6, and in fertile adult females be fl, f2, f3, f4, f5, f6 (we exclude the sterile females 
because they do not contribute to the next generation). Then the frequencies of the 
6 genotypes in the embryos of the next generation (after maternal deposition has 
had its effect) will be: 
el' 	=4f2 (2(1 + c(— 1 + c)Dhe + hg )) m1 + m2 + m4 + c ((2 + chg )m2 + m4) + 
D he (-2(-1 + c)(1 + chg )m2 + 2(m3 + chgm3) + m4 — cm4 + m5 + chgm5)) 
e2' = 1((2f3 + f5)(2m1 + m2 + chgm2 + m4) + f2(-1 + cD(1 + he))(2(-1 + c)ml + 2(-1 + 
c)(1 + chg )m2 — 2m3 — m4 — m5 + c(m4 — hg(2m3 + m5)))) 
e3' = (-2f3 — f5 + (-1 + c)f2(-1 + cD(1 + he ))2 )((-1 + c)m2 — 2m3 — m5) 
e4' = (-2c3Df2h2m2 + f5(2m1 + m2 + m4) + c2f2(-2(-1 + hg )hgm2 + D(-2m1 + 2(-1 + 
hg )m2 + 2hgm3 — m4 + hgm5)) + f2(m4 + m5 + 2m6) + c(f5hgm2 + 12(2(1 + D — hg )m1 + 
2m2 + m4 + D(2m2 + 2m3 + m4 + m5) + hg(-2m2 + m5 + 2m6)))) 
e5' 	= 
4 
 (-2c4D2f2(1 + he)2m2 + 2c3Df2(1 + he ) ((2 + 2D(1 + he ) — hg )m2 + D(1 + 
he)(2m3 + m5)) + c2f2 (-2(1 + D(1 + /10(3 + D + Dhe — hg ) — hg )m2 — D(1 + he )(2(3 + 
2D(1 + he ) — hg )m3 — m4 + (2 + 2D(1 + he ) — hg )m5 — 2m6)) + c (—(213(-1 + hg) + 
f5hg )m2 + 12(2(1 + D + Dhe — hg )m2 + 2m3 — m4 — hg(2m3 + m5) + D(1 + he )(4m3 — 
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m4 + m5 — 2m6) 2m6)) + (f2 + 2f3)(m4 + m5 + 2m6) + f5(m2 + 2m3 + m4 + 
2(m5 + m6))) 
e6' 	= 	(c4D2f2(1 + he)2m2 — c3Df2(1 + 10(2(1 + D + Dhe — 1-19 )m2 + D(1 + he)(2m3 + 
m5)) + c2f2al + D + Dhe — 119 )2m2 + D(1+ he )(2(1+ D + Dhe — ha)m3 — m4 + (D + Dhe — 
h fl )m5 — 2m6)) + f5(m4 + m5 + 2m6) + c(—f5(----1 + hg)m2 + f2(1 + D + Dhe — h9 )(m4 + 
m5 + 2m6))) 
where c is the rate of cleavage; cleaved alleles in the germline are repaired by 
homologous repair (HR) with probability h9 or by non-homologous repair (NHR) with 
probability 1-hg; cleaved alleles in the embryo are repaired by HR with probability he 
or by NHR with probability 1- he; and D is the probability of maternal deposition (0 or 
1 in the simulations presented in the text). 
All males are fertile, but three of the female genotypes are sterile (HEGIHEG, 
HEGIM, and M/M). Genotype frequencies among fertile females are therefore: 
fl' = 0 
f2' — e2' 
 
 
e2'+e3'+e51 
f3' — e3' e2/4-e3/+e5/ 
f4' = 0 
f5' — e2/.1-e3/4-e5/ 
f 6' = 0 
The frequencies of the HEG, M and wt alleles (at the embryo stage) are then: 
e2 e4 
el + + —2-- 
e4 e5 + -T+ e6 
e2 	e5 
2 + e3 + 2 
respectively, and the frequency of sterile females is: 
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S = el + e4 + e6 
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To determine the criteria for invasion we derived an expression for p[3]/p[2], where 
p[i] is the frequency of the HEG in the ith generation, and took the limit where the 
introduction frequency was vanishingly small. When there is homing in the embryos 
(he = hg), the line of neutrality for the HEG is given by 
hg = 
5 — 3c —V25 — 22c + 5c2 
2(-2c + c2) 
whereas when there is no homing in the embryo (he = 0), the line of neutrality is 
given by 
hg = 
2(-2 + c) 
The population mean fitness presented in the text was calculated as the proportion 
of females that are fertile, which is: 
e2 + e3 + e5 
Targeting a germline female fertility gene (non-invasive approach) 
If the target locus is a germline fertility gene then HEGIwt females can be sterilized 
by the action of the HEG in the germline. In this case the frequencies of the 6 
genotypes among embryos will be: 
el' = 1  f2(2(m1 + cDheml) + m2 + m4 + c(hgm2 + Dhe ((2 + c(-1 + hg ))m2 + 2m3 + m4 + 
m5))) 
e2' = 1 ((2f3 + f5)(2m1 + m2 + chgm2 + m4) — f2(-1 + cD(1 + he))(2m1  + (2 + c(-1 + 
hg ))m2 + 2m3 + m4 + m5)) 
e3' = — i (2f3 + f5 + f2(-1 + cD(1 + he ))2 )((-1+ c)m2 — 2m3 — m5) 
e4' = i (c2 Df2(-1 + hg )m2 + f5(2m1 + m2 + m4) + c((f2 — f2hg + f5hg )m2 + Df2(2m1 + 
2m2 + 2m3 + m4 + m5)) + f2(m4 + m5 + 2m6)) 
1 
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e5' = (2C3D2f2(1 + he )2m2 — c2Df2(1 + he)((3 + 2D(1 + he ) — hg )m2 + 2D(1 + he ) (2m3 + 
m5)) + c(—(2f3(-1 + hg ) + f5h0m2 + f2((1 + 2D(1 + he ) — hg )m2 + D(1 + he )(4m3 — 
m4 + m5 — 2m6))) + (f2 + 2f3)(m4 + m5 + 2m6) + f5(m2 + 2m3 + m4 + 2(m5 + m6))) 
e6' = 4(—c3D2f2(1 + he)2m2 + c2 Df2(1 + he )((1 + D + Dhe — hg )m2 + D(1 + he )(2m3 + 
m5)) + f5(m4 + m5 + 2m6) + c(—f5(-1 + hg )m2 + Df2(1 + he )(m4 + m5 + 2m6))) , 
where all symbols have the same definition as above. 
Again, the genotype frequencies of the adults are the same as for the embryos. All 
males are fertile, but three of the female genotypes are sterile (HEG/HEG, HEGIM, 
and M/M). Genotype frequencies among the subpopulation of females that are 
fertile are: 
f1' = 0 
e2,--ce2i f2' — 
e2i—ce2r+e3f+e5, 
e31  f3' = 
e2r—ce2i+e3f+e5/ 
f 4' = 0 
f5' — 	e5 
e2r—ce2f-I-e3i+e5/ 
f6' = 0 
The ce2 term in the equation for f2' arises because HEGIwt females can be 
sterilised as a result of HEG-induced cleavage and knockout mutation of the target 
gene in the germline. 
The frequencies of the HEG, M and wt alleles (at the embryo stage) are then: 
e2 e4 
el +7. + —2— 
e4 e5 
+ 	e6 
e2 	e5 
2 4- e3 + 2 
respectively, and the frequency of sterile females is: 
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S = el + ce2 + e4 + e6 
To calculate the total number of sterile females produced per released male in the t 
generations after release, we simulated a single introduction of homozygous 
HEG/HEG males and calculated 
Li=1S [ i ] 
init 
where S[:] is the frequency of sterile females in the P' generation after release and 
init is the initial frequency of the released males, here taken to be 0.0001. 
The algorithms and model data were generated in the Mathematica software suite 
(Wolfram Research). 
132tubulin-l-Ppol procedures 
2.21 Analysis of sperm nuclei recovered from spermathecae 
Virgin females mated with wild type males or transgenic males were dissected in 
PBS. Spermathecae were checked for the presence of sperm on a widefield 
microscope. Spermathecae containing sperm were fixed in methanol—free 4% 
formaldehyde (Pierce) in PBS for 30min, washed 3 times for 15min in 0.1% Tween-
20 PBS and transferred on a fresh slide containing Vectashield mounting medium 
with DAPI (Vectorlabs. Inc.). Cover slips were added to gently crack the 
spermathecae and release sperm. Samples in which the sperm nuclei were 
sufficiently diluted were then subjected to further analysis. Multiplane z-series were 
collected with a confocal microscope (SP5; Leica) and a 23x lens. Confocal 
microscope z-series were analyzed using image-analysis software (Volocity; 
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Improvision Inc.). Stacked images were used to render 3D reconstructions of the 
sperm nuclei. Objects were defined on the basis of DAPI fluorescence intensity and 
size, and were then measured for DAPI and GFP density (intensity/volume). 
2.22 Embryo fixation and nuclear staining 
Sterile embryos were collected from crosses of 132Ppo males mated with wild type 
virgin females and control embryos from crosses of wild type males with 132Ppo 
females. Females were allowed to egg-lay 48hrs post blood-feeding. The 
exochorion of up to 24hrs old embryos was removed and embryos fixed essentially 
as described(Goltsev et al., 2004). Briefly, eggs were washed in dsH2O. 25% 
bleach was then added to the dsH2O until approximately 50% of the eggs sunk. 
This step removed the exochorion. Eggs were rinsed with dsH2O and all water was 
removed. Eggs were immersed in heptane (BDH) and shaken by hand to mix. 1 
heptane volume of 9% formaldehyde (methanol-free; pH7) was added and eggs 
were shaken on a rotary platform for 25min on a medium speed at room 
temperature. The formaldehyde phase was then removed, replaced with excessive 
dsH2O, shaken 3-4 times and the dsH2O layer was replaced with 2 heptane 
volumes of dsH2O. Eggs were shaken on rotary platform for 30min on a medium 
speed. The dsH2O phase was removed and replaced with excessive boiling dsH2O. 
Eggs were incubated for 30sec and the dsH2O was replaced with ice-cold dsH2O. 
Eggs were then incubated for 10min and then both liquid phases were removed. A 
fresh volume of heptane was added, immediately followed by a volume of methanol. 
Eggs were then observed for chorion cracking under a stereo microscope. If chorion 
cracking was observed then all phases were removed and eggs were rinsed twice 
with one volume of methanol. Fixed embryos were stored at -20°C in methanol. To 
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stain nuclei, the endochorion was gently peeled off by submerging embryos on 
double side tape in methanol and gently stroking them out using a fine brush. 
Embryos were rehydrated in PBTA (1X PBS, 1% BSA, 0.05% Triton X-100, 0.02% 
Sodium Azide) for 15min on a rotator. DNA was stained for 15min in the dark with 
DAPI (1pg/m1) and washed twice for 1hour and once overnight with fresh PBTA 
avoiding unnecessary light exposure. Embryos were then mounted on slides and 
subjected to confocal analysis (SP5; Leica). 
2.23 Immunohistochemistry of sterile embryos 
Rehydrated embryos were probed with mouse monoclonal anti a-H2AX (Ser139 
mouse monoclonal; Upstate Biotechnology; 1:200) to detect the phosophorylated 
form of histone H2AX. Alternatively embryos were probed with mouse monoclonal 
anti-GFP (Living Colours JL-8; 1:200). Embryos were probed overnight at 4°C and 
then washed 3 times and once for one hour in PBTA. As secondary antibody we 
used goat anti-mouse IgG Alexa-532 conjugate (Molecular Probes; 1:500) and 
washed as described above. Embryos were then mounted on slides for confocal 
analysis in Vectashield containing DAPI (Vectorlabs. Inc). 
2.24 Single embryo genotyping 
Embryos were homogenized in 5p1 extraction buffer (10 mM Tris, pH 8.2; 1 mM 
EDTA; 25 mM NaCI) containing 200 pg/ml proteinase K (Sigma) and incubated for 
1 h at 37°C followed by 10min at 95°C. The whole extraction was then used in a 25p1 
outer PCR reaction using the Phusion Hotstart DNA polymerase (Finnzymes). 0.5p1 
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of this PCR was used in an inner reaction with the same conditions: (35sec at 98 
°C; 35 rounds of 15sec at 98 °C, 40sec at 61 °C, 30sec at 72 °C; and 5 min at 72 
°C). The nested primes used were: S7IF, S7OF, S7OR, S7IR for the amplification of 
the S7 control gene. Primers mag-mdgllF, mag-mdg10F, mag-mdgllR and mag-
mdg1OR were used to check for the presence of the Y chromosome (Krzywinski et 
al., 2004). Primers PpolF, PPoOF, PpoIR and PpoOR amplify the I-Ppol open 
reading frame to check for presence of the transgene. 
Primers Sequence 
S7IF GGCGATCATCATCTACGTGC 
S7OF GAATCGAACTCTGGTGGCTGA 
S7OR CTTTTCTGCGTCCACCCCGA 
S7IR GTAGCTGCTGCAAACTTCGG 
mag-mdg1 I F ATGTAGCATGTGGAGCAGTTC 
nnag-mdg1OF CATACTAACAACTGATGCTTCAGATG 
mag-mdg1IR GCTCTTTGAGGATGGCAAC 
mag-mdg1 OR CGCGTTG I I I I CGGTTTGCA 
PpolF CGACCTAAGAAGAAGAGGAAGGTGA 
PPoOF GAGCTGTACAAGTCCGGACTCAGA 
PpoIR CTTTGTTGAGGACCTGCCACAGT 
PpoOR CTTATACCACAAAGTGACTGCCCCT 
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3.0 Results: Assaying HEG activity, in Anopheles cells and 
embryos 
3.1 Selectable reporter system for HEG activity: the ex-vivo assay 
The ex-vivo assay was intended as a proof-of-principle study to show HEG 
activity in Anopheles cells and embryos. Its basic principle, summarised in Figure 
3.1, is that expression of a HEG in cells or embryos can lead to specific disruption of 
target-gene function, and that the occurrence of such can be studied by selecting for 
them. The assay is based on the interplasmid transposition assay, which was 
originally utilised in insect cells and embryos to assess the activity of transposable 
elements (Catteruccia et al., 2000). It utilizes two sets of plasmids: i) a HEG donor 
plasmid that directs the production of the unmodified homing endonuclease I-Scel 
(pP[v+,701-Sce/]) or I-Ppol (pEGFP-Ppo/), and ii) a target plasmid (pBC/SacRB) that 
contains the bacterial suicidal gene SacRB, engineered to contain either the I-Scel 
or the I-Ppol recognition sequences within its ORF (Figure 3.2). SacRB, which 
encodes for levansucrase, catalyzes the hydrolysis of sucrose and the synthesis of 
levans, high-molecular-weight fructose polymers that accumulate in the periplasmic 
space and are toxic to gram negative bacteria (Gay et al., 1985; Gay et al., 1983). 
Cleavage of the HEG recognition sequence in cells or embryos by the 
endonuclease followed by NHEJ regularly results in frameshift mutations of SacRB 
ORF, which can then be selected for in bacteria transformed with plasmid DNA 
recovered from transfected cells or injected embryos. Negative selection against 
functional SacRB genes in transformed bacteria grown on medium containing 
sucrose, the substrate for levansucrase, is accompanied by positive selection for 
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the target plasmid pBC/SacRB through the chloramphenicol (Cam) resistance gene. 
This results in the selection of distinct plasmids harbouring resistance to Cam and 
mutations on the HEG-target gene, which can then be amplified and analysed for 
evidence of HEG activity. The I-Scel or I-Ppol recognition sites were inserted in an 
EcoRI site within the SacRB ORF after Glu67, downstream of the signal peptide 
required for secretion (Borchert and Nagarajan, 1991), at a position which did not 
appear to be essential (Figure 3.2). The effect of inserting several recognition site 
variants in different frames on SacRB activity was assessed and none of the 
inserted amino acid variants (pBC/SacRB S1: ITLLSL, pBC/SacRB S2: DRDNRVI, 
pBC/SacRB S3: NYPVIPI for I-Scel; pBC/SacRB P1: ATLRE for I-Ppol) interfered 
with SacRB function, as inferred by the continued inability of bacteria transformed 
with these plasmids to grow on Cam supplemented with 15% sucrose (Figure 3.2c 
and data not shown). 
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AGTTACGMAGGGATAACAGGGTAATATAG 
TCAMCGATCOLVATTGTCCCATTATATC 
HEG recognition sequence 
Results 
Express HEG 
in A.gambiae 
cells or embryos 
DNA extraction 
Transformation in E.coll on Sucrose 
I I 
WT SacRB 	Modified SacRB 
it 1 
Growth 
I 
Colony 
Figure 3.1 Diagram of the ex-vivo HEG assay 
HEG donor and target plasmids are transfected in cells or injected in embryos. HEG (green box) 
expression leads to the generation of double stranded (DS) breaks on the HEG recognition sequence, 
inserted within the ORF of the SacRB gene (interrupted red box). DS breaks which are subsequently 
repaired by mutagenic NHEJ induce frameshift mutations. When total DNA is extracted from cells or 
embryos and transformed into E.coli which are grown on sucrose and Cam only bacteria harbouring 
the mutated out-of-frame SacRB gene are selected for, whilst bacteria harbouring wt SacRB coding 
plasmids do not grow. Selected events are subsequently analysed by sequencing to confirm NHEJ 
induced by HEG activity. 
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EcoFO FScet(18bp) 	 EcoRI 
GAATTCGAT AGGGATAACA GGGTAATTGA ATTC 
CTTAAGCTA TCCCTATTGT CCCATTAACT TAAG 
EcoRa FScel (ffibp) 	 E¢cFit 
GAATTCGGT AGGGATAACA GGGTAATTGA ATTC 
CTTAAGCCA TCCCTATTGT CCCATTAACT TAAG 
OMR 	 DoRI 
GAATTCATT ACCCTGTTAT CCCTAGAATT C 
CTTAAGTAA TGGGACAATA GGGATCTTAA G 
1.s.goebo 
Sense 	Antisense 
ITLLSL 	STOP 
DRDNRVI 	NYPVIPI 
GRDNRVI 	NYPVIPT 
Variant 1 
Variant 2a 
Variant 2b 
Promoter P2(>  
Promoter P1f RBS 1 RBS 2 EcoRl 
Signal Peptide 
Results 
Figure 3.2 Construction of target plasmids pBCSacRB S1 and P1 
a) Structure of the SacRB gene encoding levansucrase showing the location of the signal peptide and 
the EcoRl site into which the endonuclease recognition sequences were inserted. b) Protein structure 
of levansucrase; highlighted in blue is the loop containing the EcoRl site. c) The I-Scel recognition 
sequences inserted within the EcoRl site of the SacRB ORF and resulting amino acid sequences. 
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3.2 I-Scel and I-Ppol homing endonuclease activity in A. gambiae cell 
lines 
Plasmids pP[v+,701-Scel] and pEGFP-Ppo were transfected together with 
their corresponding target plasmids pBC/SacRB S1 and pBC/SacRB P1 
respectively into A. gambiae Sua4.0 cell lines. The plasmid pP[v+,701-Scei (Rong 
and Golic, 2000) expresses the 1-Scel ORF, modified to contain an N-terminal SV40 
Nuclear Localisation Sequence (NLS) and a hemagglutinin (HA) tag. It is expressed 
from the Drosophila Hsp70 promoter which directs a significantly inducible 
expression of 1-Scel in Sua4.0 cells (Figure 3.3). The plasmid pEGFP-Ppo 
expresses the EGFP-I-Pporfusion protein containing a SV40 NLS under the control 
of the CMV promoter (Figure 3.3). An inactive variant of 1-Ppol pEGFP-Ppo H98A, 
was used as a control (Figure 3.3). Expression in transiently transfected cells was 
confirmed by western blotting with anti-HA antibody for pP[v+,701-Sce/J and by 
fluorescent microscopy for eGFP expression for pEGFP-Ppo (Figure 3.4c). Cells 
transiently transfected with the two sets of plasmids were heat shocked for 1h at 
41°C 24h post transfection, to induce the Hsp70 promoter when applicable, and 
DNA was extracted 24h later. 
In vitro cleavage of recovered plasmid DNA with purified endonucleases I-Scel and 
1-Ppol revealed the presence of endonuclease resistant plasmids (Figure 3.4a, 
lanes 7 to 10, white arrow) generated by non-homologous repair of HEG-mediated 
cleavage events in the cells (we observed an unexpected band below the uncleaved 
target plasmid band likely representing nicked plasmids). Introduction of all 
recovered target plasmids through the bacterial selection system confirmed that the 
recognition sequences were cut in vivo by their corresponding endonucleases 
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(Figure 3.4b). Compared to control plasmid pools recovered from cells transfected 
only with the target plasmids, co-transfection of I-Scel- or I-Ppol donor plasmids 
increases the number of Cam/Suc resistant clones by 15- and 8-fold respectively 
(Figure 3.4b). 0.5-2% of recovered plasmids contained mutated target genes, as 
inferred from the ratio of colonies able to grow on Cam and sucrose as compared to 
Cam alone. This may indicate that although HEG cleavage is efficient, only a small 
number of these cut sites are subsequently repaired by mutagenic NHEJ. Digestion 
of plasmids with I-Scel or I-Ppol in vitro showed that all recovered clones containing 
mutated SacRB were also resistant to endonuclease cleavage (data not shown). 
Plasmids recovered from Cam/Suc resistant clones were digested in vitro with 
BamHI and HindlIl (Figure 3.3) to confirm the presence of the complete SacRB 
gene. This step was included to avoid analysis of clones that may have lost the 
entire or large part of the target as a result of bacterial selection, since Cam/Suc 
resistant bacteria were detected at low levels in the absence of a HEG expression 
vector during the cells transfection step (Figure 3.4b). The sequence of the regions 
surrounding the HEG recognition sites was analyzed in plasmids recovered from 
Cam/Suc resistant clones (Figure 3.5). All 27 sequenced clones showed deletion 
events of variable sizes, ranging from 1 to 80 base pairs close to the predicted HEG 
cleavage site. Nucleotide insertions, contrary to reports of NHEJ repair products in 
human cell lines(Chu, 1997; Monnat et al., 1999), were not observed. 
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SacRB ,i.r.••■•L, Cam" I- 
X8 	 E 	 H Xh 
I-Scel site  
SacRB JL Cam" I- xa 	EE 	 H Xh 
pEGFP-Ppo 
pEGFP-Ppo H98A 
pP[v+,701-Scel] 
pBCISacRB 
pBC/SacRB Si (Si) 
pBC/SacRB P1 (P1) 
pSL-Sacillre 
Figure 3.3 HEG donor and target constructs 
Maps of HEG expression and target vectors used in the interplasmid activity assay. CMV, 
cytomegalovirus promoter; Hsp70, Drosophila heatshock protein 70 promoter; eGFP enhanced green 
fluorescent protein; SacRB, levansucrase gene; X, Xbal; B, BamHl; E, EcoRl; H, Hindlll; Xh, Xhol; N, 
Ncol; A, Ascl; S, Sall; Nh, Nhel; KanR, kanamycin resistance cassette; CamR, chloramphenicol 
resistance cassette; TetR, tetracycline resistance cassette; AmpR, ampicilin resistance cassette; NLS, 
nuclear localization signal. 
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Figure 3.4 1-Scel and 1-Ppol activity in A. gambiae cells. 
a) Analysis of I-Scel and I-Ppol activity in Sua4.0 cells by Southern blot. Cells were co-transfected with 
I-Scel or I-Ppol expression plasmids and their respective target plasmids. Total DNA from transfected 
cells was digested with Ncol and hybridized with the 1.8kb BamHl I Hindi II fragment of pBC/SacRB as 
a probe (Probe shown in Figure 3.3). In lanes 6-10 DNA was also digested with I-Scel or I-Ppol in vitro. 
The white arrow marks linearised full length plasmids (lanes 1-5) and plasmids resistant to in vitro 
endonuclease cleavage. b) Number of Cam/Suc resistant colonies isolated after bacterial 
transformation of plasmid DNA isolated from transfected Sua4.0 cells. Co-transfection of the target 
plasmids together with I-Scel and I-Ppol expression vectors increases the number of colonies by 15-
and 8-fold, respectively. c) Expression of I-Scel and I-Ppol in A. gambiae Sua 4.0 cells. Western blot of 
transfected cells using anti-hemagglutinin (anti-HA) and anti-alpha tubulin (left). The I-Ppoi-GFP fusion 
proteins are appropriately localised to cell nuclei unlike the Actin5C driven GFP control (right). 
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Figure 3.5 DNA sequence analysis of clones created by HEG cleavage and non-homologous 
repair. 
a) Clones of pBC/SacRB P1 isolated from Sua4.0 cells after co-transfection with I-Ppol expression 
vector pEGFP-Ppo. b) Clones of pBC/SacRB S1 isolated from Sua4.0 cells after co-transfection with I-
Scel expression vector pP[v+,701-Scel]. The 15bp minimal I-Ppol and 18bp I-Scel recognition sites are 
shown on top of the isolated clones in the context of the SacRB gene. Deleted nucleotides are 
indicated by dashes. If deletions extend beyond the EcoRl sites flanking the HEG recognition sites the 
number of basepairs deleted is indicated and the first 3 basepairs after the deletion are shown in 
brackets. The shaded area indicates the 4 basepairs between the HEG cleavage positions on both 
DNA strands. B, BamHl; E, EcoRl; H, Hind111; 
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3.3 I-Scel is expressed and active in A. gambiae embryos 
HEG activity was also assayed in A. gambiae embryos using the reporter 
assay used for Anopheles cells. I-Scel donor plasmid pP[v+,701-Scei and pBC 
SacRB Si were co-injected into preblastoderm embryos and as a control pBC 
SacRB S1 was injected alone. Approximately 200 embryos were injected for each 
set. I-Ppol was not used in these experiments due to the cytotoxicity it imparts on 
insect cells (see below). 24hrs post-injection embryos were heat shocked for 1h at 
41°C to induce expression of I-Sce/ from the hsp70 promoter. Low molecular weight 
DNA was extracted 2hrs later. Selection for target plasmids mutated by NHEJ was 
performed as described above for cells. Co-injection of pP[v+,701-Sce/I with its 
target increased the number of Cam/Suc resistant clones approximately 10-fold: 
0.8% of recovered pBC/SacRB S1 were able to grow on Cam/Suc, a similar 
frequency to that obtained from the cell assays. The sequence of the I-Scel 
recognition site in 20 clones recovered from injected embryos that were resistant to 
sucrose-containing medium was analysed for evidence of mutagenic repair (Figure 
3.6). In contrast to what was observed in the mosquito cell assay, both deletion and 
insertion events were identified. Interestingly, one of the recovered plasmids 
contained a 66bp insertion homologous to an A. gambiae genomic sequence. 
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(TTC)- 2
Sac:RB
CLONE 1
CLONE 2,10,3
CLONE 3*
CLONE 4
CLONE 5
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CLONE 7,8
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Figure 3.6 DNA sequence analysis of clones created by HEG cleavage and non-homologous
repair in A.gambiae embryos.
Clones of pBC/SacRB S1 G3 embryos after co-injection with I-Seel expression vector pP[v+,701-See~.
The complete 18bp I-Seel recognition sites are shown on top of the isolated clones in the context of
the SacRB gene. Deleted nucleotides are indicated by dashes (-), inserted nucleotides are underlined.
If deletions extend beyond the EcoRI sites flanking the HEG recognition sites the number of basepairs
deleted is indicated and the first 3 basepairs after the deletion are shown in brackets. The shaded area
indicates the 4 basepairs between the HEG cleavage positions on both DNA strands. Larger insertions
are marked by vertical bars: (*) Insertion of 66bp partially homologous to A. gambiae genome. (**)
Insertion of 43bp. B, BamHI; E, EeoRI; H, Hindlll;
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3.4 I-Scel expression induces homologous repair events in A. gambiae 
cells 
To achieve transmission ratio distortion HEGs must be copied from allelic 
sites that contain them to one that is empty, in the process of gene conversion, 
where the HEG-containing allele is used as a repair template for homologous repair. 
To test for the occurrence HEG-induced gene conversion events in mosquito cell 
lines a reporter system was used in which a target/reporter gene becomes activate 
as a result of homologous repair. pDR-CMV-GFP (Pierce et al., 1999) (Figure 3.7a) 
expresses a non functional eGFP, in which 11bp of the eGFP ORF have been 
deleted and replaced by an I-Scel site that introduces two stop codons. The plasmid 
also carries a second inactive eGFP that lacks both a promoter and 220 base pairs 
of the eGFP C-terminus. This second eGFP gene however is wild type in the region 
in which the previous eGFP is modified to contain the I-Scel site, and can therefore 
function as a repair template for the first eGFP, and thus rescue eGFP 
fluorescence. 
Transfection of mosquito cells with pDR-CMV-GFP alone did not result in a 
high rate of spontaneous repair of the first eGFP gene, as shown by the low 
frequency (0.02%) of GFP fluorescing cells found by FACS sorting, whereas co-
transfection with pP[v+,701-Scel] increased the number of GFP+ cells 50-fold 
(0.99%) (Figure 3.7b). Adjusted for transfection efficiency by measuring control 
transfections, GFP positive cells represent 0.15% (pDR-CMV-GFP) and 10.9% 
(pDR-CMV-GFP + pP[v+,701-SceI]) of all transfected cells. Co-transfection with the 
I-Scel expressing plasmid increases the average and peak intensity of fluorescence 
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of GFP+ cells (Figure 3.7b lower right panel), thus suggesting the presence of a 
higher number of repaired plasmids per cell in these experiments. 
GFP 	pDR-CMV-GFP a 
CMV 
 
 
Puro 
  
b 
TAGGGATAACAGGGTAAT 
I-Scel recognition site 
pDR-CMV-GFP  
0,02% 
pDR-CMV-GFP + pP[v+,701-Scel] 
10 
10
1 	
102 	10
3 	
100 
	
101 	10- 
	
103 
FL1-H 
	
FL1•H 
• pDR-CMV-GFP 
111 pDR-CMV-GFP + pP[v+,701-Scel] 
Figure 3.7 Analysis of 1-Scel induced homologous repair in A. gambiae cells. 
a) Reporter plasmid pDR-CMV-GFP. In frame stop codons introduced by I-Scel recognition site are 
underlined. b) Fluorescence activated cell sorting (FACS) of transfected cells performed 72hrs post-
transfection. Two-colour fluorescence analysis of cell line Sua4.0 transfected with pDR-CMV-GFP in 
the presence and absence of pP[v+,701-Sce/j. Transfected cells expressing eGFP lie below the 
diagonal relationship of green fluorescence (FL1-H) versus red auto-fluorescence (FL2-H). The 
percentage of green fluorescent cells falling below the diagonal for each transfection are indicated 
(upper panels). The panel at the lower left side shows an overlay of both transfections (pDR-CMV-GFP 
transfected cells shown in orange, pDR-CMV-GFP + pP[v+,701-Scei] transfected cells shown in green). 
The panel on the lower right site shows a histogram of all GFP+ events. FL1-H, green fluorescence; 
FL2-H, red auto-fluorescence. 
- 108 - 
Results 
3.5 I-Scel expression induces interplasmid gene conversion events in 
A. gambiae embryos 
The assay developed to show HEG-induced gene conversion events in A. 
gambiae cells, based on sorting of eGFP fluorescent cells, could not be readily 
transferred for embryo assays. This is due to the embryonic chorion that is either 
impenetrable for eGFP excitation or emission. The SacRB system was therefore 
adapted to function as an assay for homologous repair rather than NHEJ. This was 
achieved by inserting a tetracycline (Tet) resistance cassette, which can be selected 
for in bacterial cultures, into the SacRB gene within the same EcoRl site used for 
the HEG recognition sequences. Importantly, this modified SacRB gene was 
inserted on a pSL backbone (pSL-SacRBTet) (Figure 3.3) to separate sucrose 
sensitivity from Cam resistance, thus ensuring that Tet, Cam and sucrose selection 
would not purify unmodified plasmids. The outcome of a perfect gene conversion 
event would generate a plasmid that contains both Cam and Tet resistance 
cassettes and a nonfunctional SacRB gene (Figure 3.8a and b). To ensure that 
gene conversion cannot occur in the bacteria without passage through the embryo 
step, E.coli were transformed with the injection mixture (containing pSL-SacRBTet, 
pBc/SacRB S1 and the I-Scel expression plasmid) and plated on Cam, Cam/Suc, 
Tet as well as Cam/Suc/Tet. Whilst bacteria transformed with injection mix could 
grow on Cam or Tet, no colonies were obtained on Cam/Suc or Cam/Suc/Tet 
plates, thus confirming that any events identified in the mosquito assay would have 
been generated in the embryos. 
In control experiments, where only the HEG target plasmid was injected 6 
Cam/Suc resistant bacterial colonies were obtained, none of which were able to 
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grow when plated on tetracycline. Presumably, these may have been generated by 
large non-HEG induced deletions on the SacRB gene, although this was not further 
studied. From injection experiments performed with all 3 plasmids (pBC/SacRB S1, 
pSL-SacRBTet and pP[v+,70I-Sce/j), 98 bacterial colonies growing on Cam/Suc were 
obtained in the initial selection round. Of these 11 were also able to grow on Tet 
(11.2%). Further analysis revealed that 2 of them were unable to grow on ampicillin 
(Amp) (the Amp resistance gene is found in the pSL-SacRBTet but not in the 
pBC/SacRB S1 backbone). Restriction endonuclease digestion (Figure 3.8c) and 
sequencing were performed on these 2 clones. The sequence analysis revealed the 
occurrence of perfect gene conversion events, in which the Tet cassette had been 
inserted into pBC/SacRB S1, as predicted. The 9 clones that were able to grow on 
Amp were resistant to cleavage with I-Scel but they appeared to be larger than the 
expected product. All 9 plasmids were cleavable by Ascl, a rare cutting enzyme that 
flanks the SacRBTet cassette (Figure 9a and 9c), indicating that larger parts of pSL-
SacRBTet had been transferred during the process of homologous recombination. 
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Figure 3.8 Analysis of l-Scel induced homologous repair in A. gambiae embryos 
a) Maps of pBC/SacRB S1, pSL-SacRBTet and the predicted product plasmid created by a perfect 
gene conversion event. b) Resistance properties of pBC/SacRB S1, pSL-SacRBTet and the predicted 
product plasmid created by a perfect gene conversion event. c) Restriction analysis of pBC/SacRB S1 
and 2 clones isolated from microinjected embryos. X, Xbal; B, BamHl; E, EcoRl; H, HindIII; Xh, Xhol; 
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3.6 The A. gambiae 28S rDNA gene contains a conserved I-Ppol 
recognition site 
Naturally, I-Ppol mediates homing of intron 3 (Pp LSU 3) in the 
extrachromosomal nuclear rDNA of the acellular slime mold Physarum 
polycephalum (Muscarella et al., 1990; Muscarella and Vogt, 1989; Muscarella and 
Vogt, 1993). This region of the 28S rDNA is highly conserved in eukaryotic 
genomes and the I-Ppol homing endonuclease has been shown to cleave human 
rDNA repeats in vivo (Monnat et al., 1999). 
In order to determine whether an I-Ppol site is present in A. gambiae rDNA the 28S 
gene of A. gambiae was assembled from the sequence of 31 cDNA sequences 
obtained from the AnoEST database (www.anoest.org). Sequence analysis 
indicated the presence of the full 29bp I-Ppol recognition site. The assembled gene 
sequence was used to design a set of primers (rDfwd and rDrev, Figure 3.9) that 
amplify a 2kb fragment of the A. gambiae 28S rDNA gene containing the I-Ppol site. 
The PCR product from A. gambiae laboratory strains KWA and G3 was digested 
with I-Ppol to confirm the presence of the site in both strains (data not shown). 
3.7 I-Ppol cleaves chromosomal rDNA repeats in vivo 
To determine whether I-Ppol can recognise and cleave the chromosomal 
rDNA in vivo, A. gambiae Sua 4.0 cells were transfected with either pEGFP-Ppo or 
pEGFP-Ppo H98A which express a functional and an inactive version of I-Ppol, 
respectively. 24h and 48h post transfection genomic DNA was extracted and 
digested with Clal or Clal and I-Ppol (Figure 3.10). The Clal endonuclease cuts on 
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both sides flanking the I-Ppol site, approximately 1.5kb away from the site (Figure 
3.9). Southern blot analysis using a 2kb 28S rDNA PCR probe indicated that 
chromosomal 28S rDNA of transfected cells was cut efficiently by I-Ppol and not 
from the inactive I-Ppol H98A endonuclease (Figure 3.10a). The probe hybridized to 
several fragments, the shortest of which corresponds to the expected 2.9kb Clal 
fragment. All but one of these fragments were cleaved by I-Ppol in vitro (Figure 
3.10a). This seems to indicate some heterogeneity in the 28S genes and a similar 
result was obtained with other enzyme combinations (data not shown). Presumably, 
this is a result of retrotransposon insertions downstream of the I-Ppol site 
(Besansky et al., 1992). The appearance of resistant bands, retrieved when using I-
Scel in Anopheles cells (Figure 3.4a lanes 7 and 10), was not observed when 
analyzing genomic rDNA cleaved with I-Ppol in vitro. To confirm the result obtained 
by Southern blotting, primer extension analysis was performed using primer rPrex, 
which binds 21 bases downstream of the I-Ppol cleavage site (Figure 3.9). Figure 
3.10b shows that I-Ppol expression in Anopheles cells causes premature stops of 
the primer extension at a position corresponding to the I-Ppol site in the rDNA locus. 
These data together indicate that I-Ppol is able to efficiently cut the mosquito rDNA 
genes in transfected cells. 
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rDNA repeats 
X Chromosome 
18S rRNA 5,8S rRNA 28S rRNA 
ITS ITS 
2035bp 
rDfwd 
	 --wmgmails 	
Hc rPrex 
	 rDrev 
Ille11111 .14111, 
1435bp C/al 1466 bb Oa! 
I-Ppol site TAACTATGACTCTCTTAAGGTAGCCAAAT ATTGATACTGAGAGAATTCCATCGGTTTA 
Figure 3.9 The A. gambiae rDNA clusters and the location of the I-Ppol site 
The complete I-Ppol site was identified within its nascent position of the peptidyl transferase centre of 
the 28S rRNA gene. The rDNA repeat unit is exclusively located approximately 400 times on the X 
chromosome of the A.gambiae genome. 
ITS, internally transcribed spacer; Hc, Hincll (Hindi). Highlighted is also the 2035bp PCR probe that 
was used for southern blotting. 
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Figure 3.10 I-Ppol expression and cleavage of genomic rDNA repeats in Sua 4.0 cell lines. 
a) Southern blot analysis of the 28S rRNA genes of A. gambiae Sua 4.0 cells transfected with pEGFP-
Ppo or pEGFP-Ppo H98A. Genomic DNA was digested with Clal and a 2kb fragment of rDNA 
amplified with primers rDfwd and rDrev was used as probe. DNA in lanes marked by a (+) was 
digested with I-Ppol in vitro. b) Primer extension analysis. Genomic DNA extracted from cells 
transfected with pEGFP-Ppo or pEGFP-Ppo H98A was digested with Hincll and extended with primer 
rPrex. DNA in lanes marked by a (+) was digested with I-Ppol in vitro. 
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3.8 I-Ppol but not I-Scel expression causes cytotoxicity in A. gambiae 
cell lines 
In several mosquito species including A.gambiae the 28S rDNA genes are 
clustered as tandem repeats on the X chromosome. The use of I-Ppol offers 
therefore the possibility to selectively disrupt the X chromosome. While I-Ppol 
cleaves the essential 28S rDNA genes, I-Scel is not predicted to have a target site 
in the A. gambiae genome. To study the effect of expressing these two HEGs on the 
viability of mosquito cells Sua 4.0 cells were transfected with pP[v+,701-Sce/], 
pEGFP-Ppo, pEGFP-Ppo H98A or pSL-Act-EGFP, together with the plasmid 
pIBN5-His, which confers resistance to the translation inhibitor blasticidin S. Cell 
proliferation was assessed as a measure of growth in medium containing 50pg/m1 
blasticidin, which kills all cells that do contain the pIBN5-His plasmid. The results of 
these experiments are shown in Figure 3.11. While neither I-Scel nor mutant I-Ppol 
H98A expression interferes with cell proliferation, I-Ppol expression leads to growth 
arrest. Expression of the I-PpoI-GFP fusion protein seemed to induce nucleaolar 
fragmentation (Figure 3.12), as observed by fluorescent microscopy. This can be 
explained by the fact that ribosomal DNA repeats, which are cut by I-Ppol, form the 
nucleolus organizer regions of the cell. 
Whereas natural HEGs have evolved under constant selection pressure 
towards reduced toxicity and are selected to cut only at their native homing sites, 
engineered HEGs might be less specific. Experiments with designed zinc finger 
nucleases have shown that expression of these enzymes is often accompanied by 
general toxicity (Bibikova et al., 2002; Porteus and Baltimore, 2003; Porteus and 
Carroll, 2005). Our assay confirms that I-Scel, although highly active, is not toxic 
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when expressed in cells. I-Ppol on the other hand cleaves the essential rDNA genes 
and induces proliferation arrest, as has been described for human cells (Monnat et 
al., 1999). The HEG activity, GFP reporter and cell proliferation assays developed 
and described here can be applied to the initial assessments for the suitability of 
any engineered HEG candidates designed against Anopheles genes. 
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Figure 3.11 Cell proliferation analysis of I-Ppol and I-Sce/expressing cells. 
I-Ppol expression arrests cell proliferation of transfected Sua 4.0 cells. Cells were co-transfected with 
HEG expression vectors or a GFP control in combination with pIB/V5-His which confers resistance to 
blasticidin and counted after 5 days of growth in medium supplemented with blasticidin S. Red bars 
indicate cells that were heatshocked to induce expression of I-Scel. The dotted line indicates the 150 
000 cells seeded for the experiment. 
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Figure 13. Morphology of I-Ppol and I-Scel expressing cells. 
Sua 4.0 cells were transfected with pEGFP-Ppo, pEGFP-Ppo H98A and control pSL-Act-GFP. 48h 
post-transfection cells were fixed and stained with DAPI as well as phalloidin (labelling the actin 
cytoskeleton) to analyse the morphology of transfected cells. Whilst the nucleoli (indicated by white 
arrowheads) of cells transfected with pSL-Act-GFP or pEGFP-Ppo H98A showed normal and 
condensed nucleoli, cells transfected with pEGFP-Ppo did not. TM, transmission, GFP, eGFP 
expression, DAPI/Phal, DAPI and phalloidin staining. 
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4.0 Results: Characterisation of novel regulatory elements 
for driving HEGs in the mosquito germlines 
For homing to lead to genetic drive and thus have an effect in the spread of HEGs in 
mosquito populations, homing would have to occur in cells of the germline and only 
expression of the endonuclease in germline cells prior to meiosis would ensure the 
availability of the homologous chromosome, and thus the HEG allele as a repair 
template, prior to chromosomal disjunction. Expression of a transgene in this pattern 
requires the availability of suitable regulatory sequences. The regulatory regions of 
the (32-tubulin gene have been utilized to drive transgene expression during late, 
predominantly post-meiotic stages of spermatogenesis in Anopheles stephensi and 
gambiae (CATTERUCCIA et aL 2005; WINDBICHLER et aL 2008). The female germline-
specific regulatory elements of the nanos gene have been used to express 
transgenes in the mosquito vector species Aedes aegypti (ADELMAN et aL 2007). 
However, a regulatory sequence that would allow sufficiently early pre-meiotic 
expression in both male and female germlines suitable for a HEG strategy is not 
currently available for Anopheles. One of the first genes to be expressed in the 
germline of Drosophila and some other species is vasa, which encodes a protein of 
the DEAD-Box RNA helicase family (VAN DOREN et aL 1998). vasa is essential for 
embryonic patterning, the assembly of the pole plasm and germ cell function (HAY 
et al. 1988b; LASKO and ASHBURNER 1988; LIANG et al. 1994; SCHUPBACH and 
WIESCHAUS 1991). The pole plasm serves essential functions for the formation of 
the embryonic pole cells, the progenitor cells of the Drosophila germline. Pole cells 
form at the posterior pole of the syncytial blastoderm embryo and then migrate into 
the abdominal region of the embryo, where they are encapsulated by somatic 
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gonadal mesodermal cells to form the embryonic gonads (WILLIAMSON and 
LEHMANN 1996). In Drosophila, zygotic germline vasa expression starts immediately 
after gastrulation and continues into oogenesis and spermatogenesis persisting 
throughout the adult life cycle (HAY et al. 1988a; HAY et al. 1988b; LASKO and 
ASHBURNER 1988). The regulatory regions of this gene have been used 
successfully to drive expression of transgenes in the Drosophila germline (BiscHoF 
et al. 2007; SANO et al. 2002) and could therefore represent an excellent candidate 
for an early germline-specific regulatory element for Anopheles mosquitoes. 
4.1 Identification and characterization of the Anopheles gambiae vasa 
gene 
Reciprocal blast searches of the D. melanogaster and A.gambiae genomes 
with the D. melanogaster vasa protein sequence identified a single protein coding 
region in the A.gambiae genome with homology to Dmvasa. Within this region, 
AGAP008578 was identified as the predicted local protein coding gene. 
Phylogenetic analysis between vasa proteins of several species, in which vasa has 
been identified and studies, with all predicted protein-coding genes in Anopheles 
that contain RNA helicase domains indicated that AGAP008578 is the likely 
Anopheles vasa orthologue (Figure 4.1a). There appeared to be no recent gene 
duplication of an ancestral vasa gene in Anopheles and AGAP008578 shared a 
common Glade with its Drosophila orthologue in cross-species clustering (Figure 
4.1b). 
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Putative RNA and ATP interacting residues of the predicted protein 
sequence showed a high degree of conservation. Regions spanning canonical 
DEAD-box RNA helicase family domains, including all motifs within the two 
tandemly repeated RecA-like domains (NTD and CTD), have been conserved. N-
terminal sequences, which are unique to vasa and Dep1p DEAD-box RNA 
helicases showed decreased conservation (Figure 4.2). 
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Figure 4.1 Phylogenetic analysis of the putative An. gambiae protein 
a) Phylogenetic analysis of annotated An.gambiae proteins containing DEAD-box RNA helicase 
domains (InterPro domain IPR014014) and known vasa proteins from B.mori, A.meffifera, 
D.melanogaster and D.rerio. b) AGAP008578 clusters with the dipteran vasa protein from 
D.melanogaster 
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DmVasa 	MSDDWDDEP I VDTRGARGGDVVSDDEDTAKSFSGEAEGDGVGGSGGEGGGY 50 
AGAP008578 MSGDGEWDDCDEGRSFDQPKYDATENSVQDNDTNG- FDNYQSNNGFGDEY 49 
DmVasa 	QGGNRDVFGR I GGGRGGGAGGYRGGNROGGGEHGGRREGERDERGGEGGF 100 
AGAP008578 QS ND 	 NGGYGGGDDGYGGGGRGG 	  71 
DmVasa 	RGGQGGSRGGQGGSRGGQGGFRGGEGGFRGRLY ENEDGDERRGRLDREER 150 
AGAP008578 RGGRGGGRG- RGRGRGG- - - - RDGGGGFGGGGYGDRNGD 	  105 
DmVasa 	GGERRGRLDREERGGERGERGDGGFARRRRNEDD I NNNNN I V EDVERKRE 200 
AGAP008578 	 GGRPAYSGNS 	DPSMDQVK TO 	 K PRE 129 
DmVasa 	FY I PPEPSNDA I E I FSSG I ASG I HFSKYNN I PVKVTGSDVPQP I QHFTSA 250 
AGAP008578 LY I PPL PT EDES L I FGSG I SSG I NEDKFEE I QVRVSGENPPDHVESFERS 179 
L NTD 
DmVasa 	DLRD I I DNVNKSGYK I PTP I OKCS I PV I SS 
AGAP008578 GLREEVMTNVRKSSYTKPTPIQRYAIPIILN 
GROLMACAQTGSGKTAAF 
GRDLMACAQTGSGKTAAF 
L 300 
M 229 
DmVasa 	LP I LSKLLEDPHELELGR- -PQVV IVSPTRELA 1QI FNEARKFAFESYLK 348 
AGAP008578 L PM I HHL LDK EDS L ELRTRNPY IV I VAPTRELA IQ I HDEGRK FAHGTK LK 279 
DmVasa 	1 G I VYGGTSFRHQNEC I TRGCHVV I ATPGRL LDFVDRTF I TFEDTRFVVL 398 
AGAP008578 VCVSYGGTAVQHQLQLMRGGCHVLVATPGRLLDF I DRGYV TF ENVNFVV L 329 
SEDMRR I MTHVTMR - PEHOTLMESATFPEE I QRMAGEF 446 
LPSIEKVMGHATMPEKQQRQTLMFSATFPAEIQELAGKF 379 
DmVasa 	LKNYV EVA I G I VGGACSDVKQT I Y EVNKYAKRSKL I E I LS - EQADGT I VF 495 
AGAP008578 LHNY I CV FiVG I VGGASIADVEQT I HLVEKFKKRKKL EE I LNGGNPKGTLVF 429 
NTD —I-- Linker  I  CTD 
DmVasa 	VETKRGADF LAS FLS EK EFPTTS I HGDRLQSQREQA LRDFKNGSMKV L IA 545 
AGAP008578 VETKRNADY LAS LMS ETQFPTTS I HGDRLQRER EMALYDFKSGRMDV L IA 479 
DmVasa 	TSVASRGLD I KN I KHV I NYDMPSK 
AGAP008578 TSVAARGLD IKNVNHVVNYDLPKS 
I DDYVHR I GRTGRVGN 
I DDYVHR I GRTGRVGN 
NGRA TS F EDP 595 
KGRATSFYDP 529 
DmVasa 	EKDRA I AADLVK I L EGSGOTVPDFLRTCGAGGDGGYSNCINEGGVDVRGRG 645 
AGAP008578 EADRAMASDLVK I LTQAGQSVPDELKDAGGSGSYMGSSQ- FGGKD I ROSY 578 
CTD 
DmVasa 	NYVGDAT - - NV EEEEQWD 661 
AGAP008578 GSRVDAQPVAL E PEE EVVE 596 
Figure 4.2 ClustaiW alignment of the Drosophila melanogaster vasa protein with the predicted 
Anopheles gambiae orthologue AGAP008578. 
Highlighted under the alignment are the known Drosophila motifs. The two vasa-specific RNA 
interacting residues of the Drosophila vasa protein (Arg403 and Glu497) and their conserved 
orthologue residues in AGAP008578 (Arg334 and Glu493) are highlighted in red. 
- 124- 
Results 
From all the RNA-interacting residues in members of the DEAD-box family 
two are unique to vasa and not shared amongst other DEAD-box proteins (Sengoku 
et al., 2006), an argenine in motif II in the NTD (DmArg403) and a glutamine in motif 
IV in the CTD (DmGIu497). These two unique residues were also identified in the 
Anopheles orthologue within conserved motifs (Figure 4.2 highlighted in red). A 3D 
structure model of AGAP008578 was generated using the resolved 2.2 A 
Drosophila melanogaster crystal structure (Sengoku et al., 2006) as a template to 
verify that the orthologous vasa-specific residues (DmArg403 and DmGlu49) 
overlap in position in the RNA interacting interface. Figure 4.3 shows that in the 
model generated the respective orthologous residues of DmArg403 and DmGlu497, 
AgArg334 and AgGlu431, are likely to occupy overlapping positions. 
The expression profile of AGAP008578 was studied in RT-PCR experiments 
performed using total mRNA extracted from dissected adult tissues of wild type A. 
gambiae (G3 strain). The analysis demonstrated that AGAP008578 transcripts were 
specific to testes and ovaries, whilst all somatic tissues tested, including the head, 
thorax and abdomen from both male and female mosquitoes, did not show 
detectable levels of transcript (Figure 4.4a). It was therefore concluded that 
AGAP008578 is the likely A. gambiae vasa orthologue. 
The organisation of the Anopheles vasa locus was established by combining 
available A. gambiae EST clusters (AnoEST) and in-silico exon prediction 
(Augustus). Together, the analysis indicated that two alternative vasa transcripts are 
generated as a result of alternative inclusions of either one of the first two exons 
within the 5' untranslated region of the transcript (Figure 4.4b). These two exons 
have been called Exons 1A and 1B respectively. When Exon 1A occupies the start 
of the vasa transcript, Exon 1B located within a large intron is spliced out and not 
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included in the resulting transcript. The utilisation of alternative 1st exons was further 
confirmed with rapid amplification of cDNA ends (RACE) experiments indicating 
alternative start sites and inclusion of distinct exons in the 5'UTR of the vasa 
transcript. Both types of transcript were found in all tissues of both sexes that show 
vasa expression and the significance of these alternative transcripts remains 
unknown (data not shown). 
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Figure 4.3 3D structure alignment of the D.melanoganster vasa to a model structure of 
AGAP008578 
A prediction model was generated to examine whether the respective orthologous residues of 
DmArg403 and DmG1u497 (in green), i.e. AgArg334 and AgGlu431 (in blue), which are unique 
amongst vasa proteins, are located in overlapping positions in a model protein-RNA interface. The 
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Figure 4.4 Organisation of the A.gambiae vasa locus and expression analysis. 
a) Genomic organisation of AGAP008578 indicating exonic (boxes) and intronic (lines) structure of the 
locus. Red boxes indicate the 5'UTR. Arrows indicate the start and stop codons. Grey boxes indicate 
the exons which are included in the coding sequence of the vasa protein. The blue line indicates the 
3'UTR. Highlighted above the structure with single arrowheads are the two alternative transcription 
start sites on exons I a and 1 b. The double arrowheads indicate the primer positions used for the 
transcription analysis. b)cDNA from dissected adult male and female tissues including the head and 
thorax (HT), abdomen (AB) ovaries (OV) and testis (TE) were used to amplify mRNAs of the vasa 
gene and as control the nanos (female ovary specific), beta2-tubulin (male testes specific) genes and 
the S7 (ubiquitous rDNA) genes. AGAP008578 of A.gambiae is expressed exclusively in the germlines 
of both sexes. 
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4.2 Generation of transformation constructs Vas1GFP and Vas2GFP 
Based on the available information on the organisation of the vasa locus two 
reporter constructs pBac{3XP3-RFP}Vas1-eGFP and pBac{3XP3-RFP}Vas2-eGFP 
were generated. Vas1GFP and Vas2GFP reporters were designed to drive 
expression of eGFP from putative regulatory regions of the A.gambiae vasa gene 
(AGAP008578). For both constructs, 1001bp 3' of the vasa gene starting directly 
after the vasa stop codon (+1964 to +2965), encompassing the entire 3'UTR region 
of the endogeneous vasa gene, were inserted directly 3' of the eGFP stop codon. 
The 5'UTR differed in the two constructs: Approximately 2000bp (1847bp) upstream 
of Exon1a (-3758 to -1911) were cloned as putative promoter sequence in 
Vas1GFP. In an attempt to minimise the size of the Vas1GFP expression cassette 
only Exonla of 5'UTR was included (-1911 to -1801 — 110bp), whilst Intron1 
(1648bp) and thus the within-contained Exon1B and subsequent 5'UTR sequences 
were not included. Vas2GFP, on the other hand, was designed to contain a 
shortened putative promoter (-2291 to -1911) in order to contain the entire vasa 
5'UTR starting from Exonla without drastically increasing construct size (-2291 to 
+1) (Figure 4.5). 
The two constructs therefore shared identical 5' regulatory regions in Exonla of the 
5'UTR and approximately 380bp upstream of this exon. The transformation 
plasmids additionally contained piggyBac inverted repeats for transposon-mediated 
integration into the genome and 3XP3-RFP, expressing RFP in neuronal ganglia, 
used as a visual marker for transgenesis. 3 independent transgenic lines were 
generated in A.gambiae for both Vas1GFP and Vas2GFP and 2 A. stephensi lines 
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were also generated with Vas1GFP. Defined crosses with all transgenic lines 
generated indicated that transformation had resulted from single integrations into 
the mosquito genome. The exact chromosomal positions of genomic integrations in 
A.gambiae were mapped to the genome using inverse PCR (Figure 4.5) and lines of 
the same transformation construct showed no diverging expression patterns. 
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Figure 4.5 Schematic diagram of the Anopheles gambiae vasa locus and the Vasl-GFP and Vas2-GFP transgenic constructs. 
The transformation constructs were designed to drive expression of eGFP from differential sections of the putative vasa regulatory regions. 
Vas1GFP contains a large putative promoter encompassing -2kb of 5' flanking genomic sequence whilst containing only one of the two known first 
exons and the within contained transcription start sites. Vas2GFP contains the entire 5'UTR containing both first exons (Exon 1a and 1b) and the 
within contained transcription start sites, whilst only containing a smaller 5' flanking genomic sequence. For both constructs an identical 3' flanking 
sequence was used encompassing the complete AGAP008578 3'UTR. 
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Table 4.1: Chromosomal integration sites of transgenic lines. 
Transgenic 
Line 
Chromosome Insertion 
Site 
Integration 
Vas1GFP 
Line 1 2L 3601186 TTAA-PB-TTAAAGAGGAGAAG 
Line 2 2L 23057504 TTAA-PB-TTAACGCACTTTTAA 
Line 3 N/A N/A N/A 
Vas2GFP 
Line 1 3L 19410815 TTAA-PB-TTAATAACAATATA 
Line 2 3L 2465559 TTAA-PB-TTAACGAAACCGTT 
Line 3 N/A N/A N/A 
Inverse-PCRs were performed an all A.gambiae lines generated with the constructs Vas1GFP and 
Vas2GFP. For Lines 3 of each of the two constructs generated PCR amplicons were not generated 
using a range of conditions so the exact location of the construct could not be confirmed. 
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4.3 The Vas1GFP regulatory regions drive expression only in male 
gametogenisis 
In all three A.gambiae Vas1GFP lines expression of eGFP was detectable 
exclusively in the vicinity of the developing gonads, whilst the RFP visual marker 
showed typical staining. Surprisingly, expression of eGFP was detectable in only 
half of the transgenic larvae, irrespective of the sex of the transgenic parent. When 
separated and grown to adulthood all GFP positive larvae emerged as males and all 
GFP negative larvae as females (data not shown). To examine this phenotype 
further, RT-PCRs were performed on dissected adult tissues. eGFP transcript from 
Vas1GFP was only detectable in transgenic testes, unlike the endogenous vasa 
transcript which appeared in both testes and ovaries (Figure 4.6). Exclusive activity 
of Vas1GFP in testes was further verified by western-blotting with anti-eGFP 
antibody (data not shown). To confirm this result two Anopheles stephensi 
transgenic lines were generated using the Vas1GFP construct (data not shown). 
Transgenics of this related vector species showed an identical eGFP expression 
pattern, indicating that the Vas1GFP construct lacked the regulatory sequences 
required for transcription in ovaries. 
Overall, the tissue specific expression pattern from Vas1GFP was similar to 
that reported for the A. gambiae testis specific promoter, 62-tubulin (Catteruccia et 
al., 2005). eGFP fluorescence was compared in developing larval stages that 
indicated that unlike the 62-tubulin promoter, in which testes-specific eGFP staining 
is only detectable in late 3rd instar larvae (L3), eGFP fluorescence from Vas1GFP 
was, albeit rather weakly, detectable in neonatal larvae (L1). Confocal analysis of 
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dissected testes from Vas1GFP transgenic males revealed a widespread 
distribution of eGFP signal along the longitudinal axis of the organ (Figure 4.7A, 
panel a) ranging from the area containing stages of gonial amplification, 
spermatocysts up to individual mature sperm cells. Sperm transversing the vas 
efferens or removed from WT female spermathaeca showed cytoplasmic 
localization of eGFP (data not shown). When compared to testes from transgenic 
f32-tubulin eGFP reporter lines, the eGFP expression in Vas1GFP males was 
weaker overall but starting slightly closer to the apical tip of the testes (Figure 4.7 
panels b,e and f), thus indicating that Vas1GFP expression is likely initiated at an 
earlier stage of spermatogenesis than f32-tubulin. Vas1GFP expression was not 
detectable at the apical tip of the testes indicating that the included regulatory 
regions did not direct expression in male germline stem cell population (GSCs) 
(Figure 4.7 panel b). 
4.4 Vas2GFP drives eGFP expression during entire male 
spermatogenesis and female oogenesis 
In transgenic mosquitoes of Vas2GFP lines, eGFP was detectable in all 
larvae, regardless of sex, in the vicinity of the developing germline. As in Vas1GFP 
lines, fluorescence was detectable immediately upon hatching in L1 larvae and 
persisted throughout development. Significant differences in the morphology of the 
fluorescent germlines between sexes of early larvae (L1-L3) could not be identified. 
In L4 larvae and pupae ovaries appeared as rod-like longitudinal structures, whilst 
testes adopted a more spherical-like shape, allowing robust larval sexing (data not 
shown). RT-PCR experiments performed on dissected adult tissues from Vas2GFP 
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transformants revealed that eGFP transcript was generated in gonads of both sexes 
but not in somatic tissues, mirroring the expression pattern of the endogenous vasa 
gene (Figure 4.6). In dissected testes from Vas2GFP lines, the eGFP distribution 
pattern was detectable in all stages of spermatogenesis including the GSCs in the 
apical tip (Figure 4.7, panel c and d). Staining of the hub region demonstrated that 
cells in the anterior tip of the testis were expressing eGFP, thus indicating that the 
regulatory regions of Vas2GFP were active in GSCs. Below the GSCs a ring of 
cells, presumably the somatic stem cells (SSCs) surrounding the GSCs, did not 
show any fluorescence, supporting the observation that in testes vasa is only 
expressed in germline progenitor cells and developing spermatocytes and not in 
supporting somatic cells. To investigate the activity of the vasa promoter in 
developing oocytes, ovaries from Vas2GFP heterozygous females were fixed and 
counterstained with DAPI for confocal analysis 24 and 48 hours post-blood-feeding. 
All oocytes examined exhibited similar levels of green fluorescence indicating that 
eGFP expression was not dependent on the genotype of the oocyte nucleus (see 
below). Fluorescence was distributed around the seven nurse cells of all visible 
follicles in a uniform pattern (Figure 4.8, panel g). Within the oocyte, a distinct band 
of eGFP fluorescence advancing from the adjacent nurse cells in an anteroposterior 
direction towards the posterior pole was detectable (Figure 8 panel g). Germaria 
were also clearly labelled with eGFP, indicating that Vas2GFP is active in female 
GSCs. (Figure 4.8 panel h). eGFP was not detectable in the follicular epithelium. 
Any divergence in the expression pattern of ovarian follicles developing at 24 hour 
and 48 hour after blood feeding was not observed (data not shown). On the basis of 
these findings it was concluded that sequences present in the Vas2GFP construct 
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but absent from Vas1GFP are required for the expression of vasa in the female and 
early male germline cells including the GSCs. 
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Figure 4.6 Expression analysis of eGFP in transgenic adult mosquitoes 
cDNA from transgenic adult Vas1GFP and Vas2GFP mosquitoes of head and thorax (HT), abdomen 
(AB) ovaries (OV) and testis (TE) was subjected to RT-PCR analysis to determine the expression 
capabilities of the two transgenic constructs. As a control the endogenous vasa and the ribosomal S7 
gene were used. RT-PCRs indicated that the eGFP driven from the Vas1GFP construct was only 
expressed in the male germline, whilst the eGFP from Vas2GFP was able to direct vasa-like 
expression in both germlines. 
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Figure 4.7 Confocal analysis of eGFP expression in transgenic testes. 
The middle panel depicts a cartoon of an Anopheles gambiae testis and its cellular organisation. In the 
apical tip, the stem cell niche is sustained by a set of somatic cells, called hub cells (pink), which 
regulate the maintenance of the germline stem cell (dark green, GSC) and somatic stem cell (dark 
blue, SSC) populations. Upon replication of the GSC, one of the two resulting daughter cells will 
differentiate into a primary spermatogonium (light green) while the other cell remains a GSC. The 
primary spermatogonium will execute four mitotic division generating 16 secondary spermatogonia, 
which then undergo two meiotic divisions becoming spermatocytes. Spermatogonia are encapsulated 
by somatic cyst cells (light blue) which originate from development of SSCs. Testicular expression of 
eGFP from transgenic males of Vas1GFP (panels a,b), Vas2GFP (panels c,d) and 62-Tubulin-eGFP 
(panels e,f) was compared by confocal analysis. Distribution of eGFP in the entire testes (panels 
a,c,e). Micrographs of the apical hub regions of transgenic testes (panels b,d,f). The eGFP expression 
in the GSC region is limited to Vas2GFP (panel d) and is absent in both Vas1GFP (panel b) and in 62-
Tubulin-eGFP (panel f). 
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Figure 4.8 Confocal analysis of eGFP expression in transgenic ovaries 
Expression of eGFP in ovarian follicles (panel g) and in germaria (panels h brightfield; i fluorescence). 
On the right of panel g, a cartoon depicting the organisation of the particular Anopheles primary follicle. 
The follicle is composed one oocyte (light grey), the merostoic 7 nurse cells (light blue), which 
synthesize maternal ribosomes and mRNAs for transfer to the oocyte and the follicular epithelium (dark 
blue). eGFP is expressed in nurse cells of the developing follicles and transported to the oocyte 
cytoplasm (panel g). To the right of panel h is depicted a cartoon describing the particular germarium. 
The germarium consists of a central mass containing germline stem cells (GSCs - green) and 
developing cystoblasts (deriving from GSCs — light green), identified by the comparatively large nuclei, 
and follicular epithelium, identified from their smaller nuclei. In transgenic germaria of Vas2GFP 
ovaries eGFP clearly labels GSCs and developing cystocytes (panel i). Expression is not detectable in 
cells of the follicular epithelia (blue, FEC). 
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4.5 Maternal deposition of eGFP in Vas2GFP embryos 
In Drosophila, vasa proteins and transcripts are deposited into developing 
embryos as maternal derived factors (Hay et al., 1988a; Hay et al., 1988b). 
Drosophila female null mutants for the vasa locus, described as maternal-effect 
mutants, produce progeny that lack polar granules and fail to form the germ cell 
lineage. 72 hours post-blood-feeding, developing oocytes of Vas2GFP transformant 
female mosquitoes contained ubiquitous distribution of eGFP signal (data not 
shown). To investigate maternal deposition of the eGFP transgene by the 
Anopheles vasa regulatory sequence, Vas2GFP heterozygous females were mated 
to wild type males and, as a control, Vas2GFP heterozygous males were mated to 
wild type females. Maternal deposition of eGFP from Vas2GFP heterozygous 
females was readily detectable in uniformly fluorescent embryos and neonatal 
hatchlings but not in control embryos or hatchlings, where the transgene was 
transmitted from transgenic fathers (Figure 4.9a). The phenotype of nearly all larvae 
from heterozygous Vas2GFP maternal crosses was eGFP positive, whilst the 
transgene, detected by the 3xP3-RFP marker, segregated to the expected 50% of 
the progeny (Table 4.2). In progeny originating from crosses of Vas2GFP transgenic 
males to wild type females the eGFP phenotype was linked to the expression of the 
RFP marker (Table 4.2). Total mRNA was extracted from embryos at several time 
points after oviposition and RT-PCRs were performed to specifically amplify both 
the endogenous vasa and the transgenic eGFP transcript. Similarly to what was 
observed for vasa, the eGFP transcript could be detected up to 2 hours after 
oviposition (Figure 4.9b) thus showing that this promoter directs the transfer of both 
protein and mRNA from transgenic follicles to offspring of the next generation. 
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Figure 4.9 Maternally derived eGFP deposited in embryos of Vas2GFP transgenic mosquitoes. 
A) Brightfield (upper panels) and fluorescent micrographs (lower panels) of embryos deriving from 
heterozygous transgenic Vas2GFP mothers (left) or Vas2GFP fathers (right) crossed to wild type. B) 
RT-PCR analysis of eGFP transcript deposition in oviposited embryos deriving from transgenic 
Vas2GFP mothers or Vas2GFP fathers in a time course from 1 hour post-oviposition until 24hours 
post-oviposition. The sex symbol on the top of each lane indicates the sex of the transgenic parent. (—) 
negative control. 
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Table 4.2 Maternal Deposition of eGFP 
Larval 
Instar 
Vas2GFP 
x wtcr 
Vas2GFPd 
x wt 
L1 (Day1) RFP+ 50.4% (n=211) 46.9% (n=191) 
GFP+ 99.2% (n=415) 46.9% (n=191) 
WT 0.7% (n=3) 53.1% (n=216) 
Total 418 407 
L2 (Day5) RFP+ 53.9% (n=142) 47.3% (n=176) 
GFP+ 53.9% (n=142) 47.3% (n=176) 
WT 46.0% (n=121) 52.6% (n=196) 
Total 263 372 
Larvae deriving from either heterozygous Vas2GFP mothers crossed to wild type 
males or heterozygous Vas2GFP fathers crossed to wild type females were scored 
for eGFP (maternal deposition) and RFP fluorescence (segregation of transgene). 
Scoring was performed from a pool of hatched larvae immediately upon hatching 
(L1 larval stage) and 5 days later (L2 larval stage). 
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4.6 Impact of maternal deposition on a HEG-based invasive control 
strategy 
Based on the properties of the Vas2GFP construct I set out to investigate 
how the expression characteristics of the A. gambiae vasa regulatory region would 
affect its performance in potential vector control strategies. In particular, I was 
interested to determine how maternal deposition would affect the invasiveness of 
HEG-based constructs that aim to reduce mosquito population numbers by 
imposing genetic loads. Previous models have considered a HEG designed to 
target a somatically expressed gene essential for female viability or fertility, whose 
knockout is recessive but has no effect on male fitness (Burt, 2003). These previous 
models predicted that if such a HEG is released at low frequencies into a 
population, it would invade and reach an equilibrium frequency. The maximum 
equilibrium frequency achievable would depend upon the efficiency of target 
cleavage and the relative frequencies of homologous repair (HR) and non-
homologous repair (NHR) (Burt, 2003; Deredec et al., 2008). 
In the model described here, it's assumed that by virtue of maternal 
deposition the homing endonuclease could also be active against the early zygotic 
genome of embryos originating from females carrying the HEG allele. Homozygous 
mutant offspring, inviable or sterile in the case of females, can thus arise by 
inactivation of the target genes in embryos even if the paternally derived allele is 
originally wild-type. This contrasts previous models by Burt and Deredec et al, 
where female sterility could only arise in crosses between heterozygous mating 
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pairs and thus would only start having impact on the population mean fitness when 
the HEG reaches a high enough frequency. 
The model designed works as follows: Consider a randomly mating 
population in which males carrying an engineered HEG driven from the Vas2GFP 
regulatory regions are released. In the germlines of heterozygotes, HEG induced 
cleavage of the target allele wt will either be followed by gene conversion and 
homing creating allele HEG, or non-homologous repair creating mutant allele M. 
Expression of the HEG in nurse cells will lead to maternal deposition of homing 
endonuclease RNA and protein, targeting the early genome of the embryo and the 
within contained wt alleles. Embryonic activity can lead to the production of either 
the HEG allele or the M allele. Two possible outcomes of HEG activity in embryos 
were modelled and compared to the Burt's HEG strategy in which maternal 
deposition does not occur. In the first case, cleavage of wt alleles in embryos can 
lead to homing or non-homologous repair at rates identical with those of the 
germline (h, = hg). It is possible however, that HEG deposition may result in 
endonuclease activity against the wt allele prior to fusion of the maternal and 
paternal pronuclei in which case homologous repair would be improbable. A second 
outcome was therefore introduced to study the impact of such activity in which 
essentially cleaved sited of the wt are only repaired by non-homologous repair (he = 
0) (For more information on the model refer to the relevant materials and methods 
section). 
Since maternal deposition of the homing endonuclease can reduce the 
reproductive fitness of heterozygote females (because their daughters are inviable 
or sterile) the HEG will not necessarily spread from rare, but instead will only spread 
if the rate of repair by homologous recombination is above a threshold value in 
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reference to a particular rate of cleavage (Figure 4.10a). The models predicted that 
the equilibrium frequency of a HEG that is maternally deposited will significantly 
depend on the outcome of HEG-induced cleavage in the embryo. In comparison to 
HEGs behaving with classical model characteristics (i.e. no maternal deposition), 
HEG equilibrium frequencies remain unaffected when HEGs are deposited if the 
relative rate of HR in embryos mirrors that of the germline (he =fig). If however all cut 
sites in embryos are repaired by NHR (he =0) then the equilibrium frequency is 
significantly lowered (Figure 4.10b). The genetic load imposed by a maternally 
deposited HEG can be higher, due to the extra lethality or sterility produced. 
Reduced population fitness can therefore be achieved, although this would require 
HR in embryos (Figure 4.10b). 
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Figure 4.10 Population modelling of vasa-driven invasive HEGs 
A) The threshold rate of homologous repair needed for the HEG to invade a population from low 
frequency as a function of the overall rate of cleavage. The threshold differs depending upon the rate 
of HR in the embryo (red vs. blue lines). Conversely, with no maternal deposition, the HEG will invade 
for any h9>0. B) Frequency of the HEG and population mean fitness assuming c = 0.9, h9 = 0.9, and an 
initial release frequency of 1%. Black line: no maternal deposition (D= 0); red line: maternal deposition 
in which homing rates in the embryo mirror those in the germline (D = 1; he = hg); blue line: maternal 
deposition in which all cut sites are repaired exclusively by non-homologous repair (0 = 1; he = 0). 
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4.7 Modelling of a non-invasive control strategy based on vasa-driven 
HEG expression 
Based on the observation that the Vas2GFP regulatory regions could drive 
expression in the earliest developmental stages of both male and female germlines I 
propose a novel non-invasive vector control strategy based on driving HEGs by the 
Vas2GFP regulatory regions. Unlike previous strategies that rely on the introduction 
of HEGs, this strategy would not be invasive and would require continuous releases 
of transgenic males, much like the SIT or RIDL techniques. If a HEG was designed 
to target a germline-specific locus expressed in ovaries downstream of vasa which 
is required for female fertility, then vasa driven HEG expression in heterozygote 
females and cleavage of the target gene would lead to sterilization of those same 
females. The HEG would drive in the male germline without affecting male fitness 
and cause dominant sterility in heterozygote females (with penetrance depending 
upon the level of HEG activity). Overall the strategy is similar to SIT or RIDL in that 
the reproductive potential of wild type females mating with transgenic males is 
diminished. In the RIDL strategy females born of homozygous transgenic fathers 
inherit a female-specific dominant lethality gene, whilst males are unaffected and 
pass on the sterilising agent in half of their progeny. In the strategy coined here, 
females born of transgenic fathers and wild-type mothers inherit a HEG allele that 
targets a female fertility locus which eventually sterilises them, provided the HEG is 
expressed before the target gene. However, since the phenotype is only detrimental 
to female fertility, males expressing the HEGs in their germline pass on the HEG 
allele in a disproportionate amount of their progeny. The HEG therefore affects 
female sterility in more subsequent generations that if it segregated with mendelian 
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ratios like in the RIDL technique. This approach was modelled and compared to 
classical inundative strategies like SIT or RIDL (Alphey, 2002; Benedict and 
Robinson, 2003; Phuc et al., 2007; Thomas et al., 2000). In the simplest case of 
males and females having equal rates of cleavage and repair, the model confirms 
that such a HEG cannot invade a population from low frequencies (data not shown). 
Measured in terms of the number of sterile females produced per male released, 
such a HEG-based approach can be several-fold more effective than SIT or RIDL 
depending upon the rates of cleavage and HR (Table 4.3). 
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Table 4.3: Population modelling of a Vas2GFP-driven non-invasive HEG 
Time in generations 	1 	5 	10 	20 	00 
Sterile females produced released male 
Control strategy 
SIT 1 1 1 1 1 
RIDL 1 1.9 2 2 2 
h=0.9 he=0 0.9 4.2 7.2 10.8 14.6 
he=hg 0.9 4.2 7.2 12.6 21 
h=0.7 he=0 0.9 3.5 5.1 6.0 6.3 
he=hg 0.9 3.6 5.3 6.6 7.0 
Number of sterile females produced per released male for the HEG-based non-
invasive strategy proposed, compared to classical inundative control strategies. To 
be able to compare to classical measures constructs are released in homozygote 
males assuming c = 0.9. 
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Results 5: HEG-based synthetic sex ratio distorter 
5.1 Identification of I-Ppol recognition sequences in the A. gambiae 
genome 
An approach to population eradication, apart of introducing mutations that 
alter mosquito fertility or viability, would be to strongly bias the sex ratio in favour of 
males as introduced in section 1.5.2 and 1.5.3. A mechanism with which this could 
be achieved has already been proposed and discussed (Burt, 2003; Deredec et al., 
2008; Huang et al., 2007): If a Y chromosome were to harbour an advantage over 
the X chromosome during spermatogenesis that would increase the probability that 
Y chromosome bearing sperm are produced it could show transmission ratio 
distortion, and bias the sex ratio towards males. In some populations of Aedes and 
Culex mosquitoes Y chromosomes show exactly such distortion (Wood and 
Newton, 1991), and although the mechanism by which they achieve this is not 
molecularly understood, cytological evidence suggests that factors on these Y 
chromosomes somehow cause the X chromosome to break during the first meiotic 
division (Newton et al., 1976; Sweeny and Barr, 1978). These naturally occurring 
mosquito systems that distort sex ratios suggest that a synthetic system that 
bestows modified Y chromosomes an advantage during spermatogenesis could be 
generated and that these modified chromosomes could be released for population 
control. We proposed to express a HEG during spermatogenesis that recognises 
sequences specific to the X chromosome. Since breaks on the X could not be 
repaired by lack of an appropriate template the Y chromosome should show TRD. 
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To be able to drive of course, the HEG would have to be located on the Y 
chromosome but since transpositions onto the Y have never been reported it was 
proposed to show TRD by integrating the HEG onto an autosome first and then 
attempt to move it to the Y through translocations. 
The I-Ppol recognition sequence was identified in the A.gambiae genome within its 
conserved site, the peptidyl transf erase centre of the 28S rRNA gene. Fortuitously, 
the rDNA repeat unit, in which the 28S rRNA is embedded, is tandemly repeated 
approximately 400 times in the Anopheles gambiae telocentric X chromosome 
(personal communication F. Collins) (Figure 3.10). This indicated that engineering a 
HEG for this strategy would not be necessary as approximately 400 repeats of the I-
Ppol target, close to the centromere should represent a good target for shredding 
the X chromosome during sperm formation. Due to the repetitive structure of the 
rDNA repeats, mapping and assembly of their contigs with the genome assembly 
were intricate and only recently have they been officially mapped to the X-
chromosome, forming contig AAAB01008976. 
Since the I-Ppol site which is 29bp long consists of both a 15bp core motif 
and flanking nucleotides that are thought to contribute to the overall efficiency of the 
endonuclease activity (Ellison and Vogt, 1993), the genome was searched for the 
minimal 15bp recognition site core, to rule out the possibility of off-target site 
activity. The search revealed that outside contig AAAB01008976 no other matches 
to the recognition site core are present in the A.gambiae genome. The genome was 
also screened for a number of variants of this 15bp core that are also efficiently 
cleaved by I-Ppol in vitro (Argast et al., 1998) and again no matches were found. It 
was therefore concluded that the X-linked multi-copy rDNA locus containing the 
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complete I-Ppol core and flanking recognition sequence is only target site of I-Ppol 
in the A. gambiae genome. 
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5.2 Generation of transgenic mosquitoes expressing I-Ppol during 
spermatogenesis 
The transformation construct pBac{3xP3-DsRed}(32-eGFP:1-Ppo/ was 
generated to direct expression of I-Ppol during spermatogenesis. The I-Ppo/-eGFP 
fusion protein was utilised that maintains both the activity and the selectivity of the 
endonuclease(Windbichler et al., 2007)(Windbichler et al., 2007)(Windbichler et al., 
2007)(Windbichler et al., 2007)(Windbichler et al., 2007)(Windbichler et al., 
2007)(Windbichler et al., 2007), while functioning as a visible marker for mosquito 
sexing and I-Ppol expression, used in the first component of this study. In the 
construct, the 132 tubulin 5' and 3' regulatory regions(Benton, 2007)(Benton, 
2007)(Benton, 2007)(Benton, 2007)(Benton, 2007)(Benton, 2007)(Benton, 2007) 
directed expression of eGFP::I-Ppo/. Previous studies have demonstrated that the 
A.gambiae p2-tubulin promoter is exclusively active in maturing spermatocytes and 
mature sperm (Catteruccia et al., 2005). The construct also contained piggyBac 
inverted repeats for pBac transposase mediated transformation into the genome 
and the DsRed gene, under the control of the 3xP3 promoter, as a germline 
transformation marker (Figure 5.1a). Two independent transgenic lines ((2Ppo1 and 
32Ppo2) were obtained in independent sets of embryo injections. Genetic crosses 
indicated that each line resulted from a single integration event. Inverse PCR of the 
regions flanking the integration event revealed that the construct had integrated at 
position 49029419 on chromosome 2L and position 11872203 on chromosome 3R 
in the lines 132Ppo1 and p2Ppo2 respectively (Figure 5.2). Both lines showed strong 
green fluorescence localised to the male gonads, visible from late third instar larvae 
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throughout adult development, thus indicating that the eGFP::I-Ppo/ fusion protein 
was expressed in the testes of male larvae, pupae and adults (Figure 5.1b). 
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Figure 5.1 The pBac{3xP3-DsRed}(32-eGFP::1-Ppol transformation vector and confocal analysis 
of male transgenics 
a) Schematic representation of the construct pBac{3xP3-DsRed}32-eGFP::I-Ppol containing the left 
and right piggyBac inverted repeats (pBacR,L); the Pax promoter (3xP3) driving the DsRed marker 
gene; and the eGFP::I-Ppol effector gene (eGFP I-Ppol) under the control of (32 tubulin promoter and 
terminator ((32). b) Transmission and fluorescent images of dissected adult testes, larval head and 
pupae of 132Ppol male mosquitoes indicating expression of the transgenic contructs. 
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Figure 5.2 Location of transgene integration sites and genomic rDNA repeats. 
Genomic positions of transpositions are shown as well as the 14 basepairs flanking the transformation 
constructs on each side (lower right panel). The structure of the rDNA repeat unit including the 3 
ribosomal genes and the internal transcribed spacers (ITS) as well as a detailed view of the 28S rDNA 
gene around the I-Ppol recognition site are shown. 
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5.3 132Ppo testes develop normally and generate spermatozoa 
containing active eGFP::I-Ppol 
The development of the testes and spermatogenesis in heterozygous males 
was analysed using several techniques of fluorescent microscopy and 3D image 
reconstruction. The testes of the two transgenic lines were morphologically 
indistinguishable from those of wild type mosquitoes, whilst showing a typical eGFP 
fluorescence pattern that reflected the activity of the (32-tubulin promoter. Confocal 
analysis of testes from both lines showed mature sperm cells being produced in 
spermatocysts (Figure 5.1b) as well as spermatozoa reaching the male vas 
efferens. In mating experiments with virgin wild type females, 132Ppo spermatozoa 
were successfully transferred into the spermathecae (Figure 5.2a). Interestingly, all 
spermatozoa of heterozygous males removed from the spermathecae of wild type 
females showed a variable degree of green fluorescence localized in their nuclei, 
indicating that potentially genetically wild type sperm were carrying eGFP::I-Ppo/ 
fusion protein (Figure 5.2a). To investigate this phenotype in more detail, the 
nuclear volume and the intensity of eGFP fluorescence of all [32Ppo spermatozoa 
were analysed with 3D reconstructions of confocal stacks followed by signal 
quantification. Spermathecae from wild type females mated to either heterozygous 
32Ppo2 or wild type males were dissected, fixed and stained with DAPI. Sperm 
were released and for each specimen nuclei of about one hundred spermatozoa 
were analyzed. Wild type spermatozoa had no detectable signal of green 
fluorescence and a generally homogenous DAPI signal, indicating no significant 
differences in nuclear volume. All spermatozoa from heterozygous 32Ppo males 
however showed detectable levels of eGFP fluorescence signal and a moderate 
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variability in the DAPI signal strength (Figure 5.2b). Such distribution of eGFP 
fluorescence in 132Ppo spermatozoa is in agreement with both the transcription 
pattern of the 132 tubulin promoter in the testes and the structure of the 
spermatocyst. Transcription from the 132 tubulin promoter starts shortly before the 
first meiotic division and continues throughout the subsequent stages of 
spermatozoa differentiation. Furthermore, in both insects and mammals, all 
spermatozoa derived from a single spermatogonial cell are connected through 
cytoplasmic bridges (Braun et al., 1989) to form a spermatocyst for a period of time 
that largely coincides with the temporal activity of the 132 tubulin promoter. This 
allows the sharing of cytoplasmic constituents between developing spermatozoa 
and would provide I-Ppol protein a means to migrate from cell to cell. The 3D data 
suggests that cytoplasmic sharing between genetically transgenic and wild type 
sperm is occurring and based on the variability of the nuclear volume between 
132Ppo sperm nuclei provides an indication of I-Ppol activity. 
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Figure 5.3 Confocal analysis of spermatozoa from p2Ppo and WT males recovered from 
spermathecae of WT females. 
Spermathecae of a female mated with 132Ppol males analysed by confocal microscopy for eGFP 
fluorescence and DAPI stained DNA (top). Analysis of confocal 3D data stacks of sperm extracted 
from spermathecae of females mated to WT or 132Ppo males. The intensity of GFP density (nuclear 
volume/fluorescence intensity) was plotted against DAPI density. Density values were plotted for each 
individual spermatozoa examined from wt (black rectangles) and transgenic (grey diamonds) males. 
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To confirm in vivo I-Ppol activity in the testes of 62Ppo mosquitoes, southern 
blot hybridization experiments were performed to evaluate the integrity of the 28S 
rDNA genes in genomic DNA extracted from 62Ppo1 mosquito testes (Figure 5.4). 
The results showed that whilst DNA of wild type testes hybridized to a band of about 
2.9 kb, in agreement with the size of the ribosomal gene, DNA extracted from the 
testes of 32Ppo1 males showed the presence of a smaller band of 1.4kb, in 
agreement with the position of the I-Ppol recognition site in the ribosomal genes 
(Figure 3.10). The same digestion product was observed when DNA extracted from 
wild type (WT) testes that was treated with recombinant I-Ppol in vitro (Figure 5.4). 
Larger fragments mostly resistant to I-Ppol activity were observed and they are 
thought to be a result of the heterogeneity in the 28S ribosomal genes(Windbichler 
et al., 2007)(Windbichler et al., 2007)(Windbichler et al., 2007)(Windbichler et al., 
2007)(Windbichler et al., 2007)(Windbichler et al., 2007)(Windbichler et al., 2007). 
These results confirmed that in the testes of transgenic males, the eGFP::I-Ppo/ 
fusion protein was able to cleave the 28S rDNA on the X chromosome. 
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Figure 5.4 Southern blot analysis of the 28S ribosomal DNA locus. 
DNA from testes of WT (lanes 1 and 3) and 82Ppo1 males (lanes 2 and 4) was digested with the 
endonuclease Clal in vitro and hybridized with a probe encompassing the 28S ribosomal gene (Figure 
1.10 and 3.2). As a control both DNA extracted from WT and 82Ppo1 testes were treated with 
recombinant I-Ppol. The PCR product (2kb) used as probe was also either treated with recombinant I-
Ppol or left untreated under the same hybridization conditions (lanes 4 and 5). Open and filled 
arrowheads indicate the full length and digested rDNA fragments respectively. 
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5.4 f32Ppo heterozygous males induce early embryo lethality 
To investigate whether the expression of I-Ppol had an effect on fertility or 
distorted the sex ratio of the progeny, heterozygote 32Ppo1 males were crossed to 
virgin wild type females. As a control, heterozygote 62Ppo1 females were crossed 
with wild type males. Females were allowed to lay eggs on two consecutive 
occasions post-blood feeding. These experiments indicated that female 132Ppo1 
female mosquitoes did not show any anomalies in terms of fertility when crossed to 
wild type males. Compared to wild type females crossed to wild type males, 
transgenic females crossed to wild type males laid normal number of eggs with 
comparable hatching rate, pupal development and adult sex ratio (Table 5.1 and 
data not shown). In contrast, while wild type females crossed to 132Ppo1 males 
produced normal numbers of eggs, these eggs failed to hatch. These experiments 
were performed with 62Ppo1 males of different generations (Table 5.1), as well as 
with line 62Ppo2 which showed identical properties. Both transgenic lines, 62Ppo1 
and 32Ppo2, have now been backcrossed to wild type males for over 25 
generations and the males originating from these crosses were tested for fertility in 
each generation. Throughout this period no phenotype other than total male sterility 
has been observed. 
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Table 5.1 : Outcome of crosses between transgenic 62Ppo and wt mosquitoes. 
Eggs laid 
10 C fl2Ppo1 x 30 Q wt Lay 1 658 
Lay 2 721 
x 17 9 it2Ppo1 Lay 1 610 
Lay 2 425 
25 p2Ppc.1 x 25 9 wt Lay 1 971 
Lay 2 1669 
j2Ppot Lay 1 1211 
Lay 2 1331 
Larvae hatched Screened Transgenic % Transgenic 
0 
0 
544 152 74 48.6% 
213 168 83 49.4% 
0 
x 25 Q f32Ppo1 	Lay 1 1024 	878 	 798 	414 	51.8% 
Lay 2 1424 	1048 152 67 44.0% 
- 163- 
Results 
The ability of 62Ppo spermatozoa to fertilise the eggs in crosses with wild 
type females was investigated to analyze the nature of 32Ppo1 and 132Ppo2 male 
sterility and to establish the timing of embryo developmental arrest. For this purpose 
embryos were fixed 24hrs post oviposition, the chorion was removed and the DNA 
stained with DAPI to highlight the localization and distribution of cell nuclei using 
confocal microscopy. In most of the embryos examined at 24hrs after oviposition 
only two DAPI stained bodies were ever observed (Figure 5.5a). One of the nuclei 
was localized in the central anterior region of the embryo and was significantly 
larger than the second nucleus (Figure 5.5a inset). The second nucleus was found 
in the anteroventral region in close proximity to the embryo micropyle. Their 
positions and differing sizes suggested that that the first body is likely the maternal 
pronucleus and the second the sperm pronucleus. Only a few embryos showed 
features of cellularization and nuclear division although they did not progress to 
larvae formation. Confocal analysis was used to compare the size of sperm nuclei 
prior to fertilisation and the male pronuclei originating from 32Ppo males. This 
analysis showed that while the diameter of the sperm nuclei ranged from 2 to 4pm, 
that of the male pronuclei was bigger (7-8pm), suggesting that the latter had 
undergone some decondensation. Male pronuclei were also stained with an 
antibody directed against eGFP (28 of 28 nuclei examined) while female pronuclei 
were found to stain with an anti a-H2AX antibody (12 of 28 nuclei examined) that 
reacts with phoshorylated histone H2. Phosphorylation of histone H2 is associated 
with DNA double strand breaks (Jang et al., 2003). This confirmed the transport of 
the fusion protein into the embryo and revealed the presence of DNA double strand 
breaks in the maternal genome (Figure 5.5b). Control experiments on WT embryos 
did not reveal nuclear reactivity with neither anti eGFP nor anti a-H2AX antibody. 
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On the basis of these findings, it was concluded that 132Ppo males produced 
functional spermatozoa and that the observed sterility was the consequence of early 
embryo lethality mediated by I-Ppol activity on the maternal X chromosome. 
- 165 - 
a 	fl2Ppo Males x wt Females wt Males x (32Ppo Females 
9 Pronucleus c Pronucleus b 
DAPI DAPI DAPI DAPI 
a-H2AX a-GFP 
merge merge 
a-GFP a-H2AX 
Tr
an
sm
is
s i
on
  
1 
scalebar 10µM 
A 
F-4 
41 • 
merge 	 merge 
scalebar 10pM scalebar 51.1M 
Figure 3.5 Confocal analysis of sterile embryos 
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a) Embryos originating from crosses between 132Ppo males with WT females (left) compared to 
crosses between WT males and 132Ppo females (right) were analyzed by fluorescence microscopy 24 
hours after oviposititon. Transmission (upper panels) and fluorescence of DAPI staining DNA (lower 
panels) of embryos oriented with the posterior end to the left and ventral side up. The inset shows a 
magnified view of the small and large DAPI stained bodies found in the embryos marked with a black 
and a white arrowhead respectively. (B) Immunostaining of freshly hatched embryos using mouse anti 
GFP (a-GFP) or mouse anti y-H2AX (a-H2AX) primary in combination with anti-mouse IgG Alexa-532 
conjugated secondary antibodies. DAPI stained bodies identified as male pronucleus and female 
pronucleus are shown at 5 and 10 pM scale respectively. 
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Arrested embryos fertilised by sperm from 32Ppo males were assessed for 
the inheritance pattern of the transgenic chromosome and the sex chromosomes. 
This would provide information on any underlying sex ratio distortion and also 
whether sperm carrying the transformed chromosome were as competitive in 
fertilising embryos compared to sperm inheriting the wild type chromosome. For this 
purpose multiplex PCR experiments were performed on single sterile embryos using 
molecular markers of the Y chromosome, the transformation construct and as a 
control the ribosomal gene S7. Primers specific for the I-Ppol open reading frame 
amplified the diagnostic product in 48% of embryos examined (Table 5.2). This 
result showed that there was no bias in the inheritance of the transformation 
chromosome and indicated that non-transgenic spermatozoa carrying along the 
eGFP::I-Ppo/ fusion protein accounted for half of the embryo lethality induced by 
f32Ppo male mosquitoes. Primers designed to amplify a sequence that in previous 
reports was shown to specifically detect the A. gambiae Y chromosome (Krzywinski 
et al., 2004) amplified in 88% of the embryos examined while control experiments 
carried out on embryos originating from 62Ppo females and wild type males showed 
no such bias (Table 5.2). 
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Table 3.2 Singe embryo genotyping 
total embryos 57 only 57 + p2Ppo (%) 
p2Ppo males x 	wt females 83 43 40 (48.1%) 
IA males x p2Ppo females 60 27 33 (55.0%) 
total embryos 57 only 	S7 + Y (%) 
p2Ppo males x 	wt females 	59 	7 	52(88.1%) 
	
wt males x p2Ppo females 	36 22 14 (38.8%) 
Embryos originating from crosses of I32Ppo males with WT females and WT males with r32Ppo females 
were collected at 24 hrs post deposition and their DNA was examined using nested PCR analysis to 
amplify Y chromosome or transgene specific sequences as well as the ribosomal gene S7 as a control. 
The values show the frequency of the genotypes in all embryos that tested positive for the presence of 
S7. 
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5.5 Mating competitiveness of I32Ppo males in laboratory cage 
experiments 
Genetic male sterility, although unintended in this transgenic line, is a 
phenotype that could lend itself to further development and implementation of SIT. 
Both transgenic lines meet a number of desirable requirements for SIT including: i) 
a visible marker for monitoring male dispersal and competitiveness, ii) a validated 
sexing system that can be effectively automated; and iii) complete and dominant 
genetic male sterility. With the aim of assessing the suitability of the 32Ppo1 and 
82Ppo2 transgenic lines for SIT, small-scale laboratory cage experiments were set 
up to investigate whether 82Ppo2 males could successfully compete with wild type 
males for mating partners. In these experiments identical numbers of wild type and 
82Ppo2 males were allowed to mate with different numbers of wild type virgin 
female mosquitoes. Five days later the females were collected and the 
spermathecae were analyzed for the presence of either wild type or 82Ppo 
spermatozoa in multiplex PCR experiments. PCR primers amplifying the Y specific 
sequence assessed the mating rate of the females and a second primer pair 
amplifying the sequence of the I-Ppo/ transgene determined the number of females 
mated with 132Ppo2 males. The data showed that the I-Ppol sequence could be 
amplified in a substantial proportion of female spermathecae, ranging from 48% to 
56%, at different female to male ratios, suggesting that the transgenic males were 
not impaired in their ability to mate with WT females (Figure 5.6). 
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Figure 5.6 Assessment of mating capability of p2Ppo2 against WT males. 
Equal numbers (10) of 62Ppo and WT males were allowed to mate in the presence of 10 or 20 WT 
females for 6 days. The mating with WT and transgenic males was assessed by analyzing in PCR 
experiments the DNA extracted from the spermathecae using a first a marker revealing chromosome Y 
specific sequence, to provide an overall estimate of mating rate and a second marker for the I-Ppol 
coding sequence. PCRs experiments that failed to amplify any product were scored as non-mated. The 
figure shows the percentage of mated females and the relative contribution of WT (green) and 
transgenic males (orange) in the mating. Unmated mosquitoes are shown in grey. Shown is the 
combined average of 3 independent sets of experiments. 
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6 Discussion 
There has been substantial progress in recent years in the development of 
an array of genetic and molecular tools for mosquito biology and control. These 
tools include the complete genome sequence of Anopheles gambiae (Holt et al., 
2002), the genome of both human and rodent malaria parasites (Carlton et al., 
2002; Gardner et al., 2002), the availability of near-routine germline transformation 
of Anopheles and Aedes mosquitoes (Lobo et al., 2006) and the availability of a 
direct reverse genetics approach based on dsRNA - either transient or transformed 
(Brown et al., 2003). The availability of these tools has contributed massively in both 
the understanding of basic mosquito biology, like mating (Dao et al., 2008; 
Pondeville et al., 2008; Rogers et al., 2008), feeding (Das and Dimopoulos, 2008), 
sex determination (Scali et al., 2005) etc. and also in the understanding of questions 
related to malaria infections such as the pathways and contributors of the immune 
response. In similar fronts, significant progress has also been achieved in the 
development of strategies that aim to deplete mosquito populations. In the field of 
the SIT, research programmes are attempting with improving success to produce 
sterile males that are not hampered in their mating competitiveness (Helinski and 
Knols, 2008) and genetic techniques have developed transgenic sexing strains 
(Catteruccia et al., 2005). The technology for a genetic and improved version of SIT, 
RIDL, has been successfully developed for model Drosophila transformant strains 
(Thomas et al., 2000) and is currently being transferred to mosquitoes. Within the 
past five years worldwide research agendas and funding agencies have pursued the 
goal of generating reliable genetic technologies for biologically spreading relevant 
mosquito modifications, be it malaria refractoriness or population reduction, from 
laboratory mosquitoes to wild populations. Although prefect candidate modifications, 
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like 100% malaria refractoriness remain to be generated progress on this front has 
been made since effective largescale population replacement or depletion strategies 
will inevitably require genetic drive systems to have been generated and tested. 
Several categories of naturally occurring 'selfish' genetic elements that show 
non-Mendelian inheritance are known to spread within populations even when they 
provide no benefit to the host organism. Efforts have begun to exploit these 
mechanisms. This study has entirely focused on the use of Homing Endonuclease 
Genes (HEGs) as tools for generation mosquito gene drive systems. HEGs occur 
naturally in single-cell fungi, plants, protists and bacteria. The HEGs encode a 
protein that cuts DNA containing a specific 20-30bp sequence (Stoddard, 2005). 
Importantly, this specific HEG recognition sequence occurs only in chromosomes 
that lack the HEG, because in chromosomes in which HEGs occur, the HEG is 
inserted directly within its own recognition sequence, thus disrupting it. Upon 
cleavage of the recognition sequence in a heterozygote, the cells recombinational 
repair mechanism uses the chromosome carrying the HEG as a template for repair 
in a process called homing. The HEG is thus copied from one chromosome to the 
other, converting an initial heterozygote into a homozygote. Provided there is no 
fitness cost associated with homing, the HEG spreads until it reaches fixation within 
the population. To ensure low fitness costs, HEGs have adapted an ingenious 
strategy of residing within introns and so have little fitness cost because they are 
spliced out prior to translation of the mRNA. Once they reach fixation, these HEGs 
usually decay as there is no selection for their maintenance. HEGs probably survive 
by jumping from species to species by horizontal gene transfer (Burt and 
Koufopanou, 2004; Goddard and Burt, 1999; Koufopanou and Burt, 2005; 
Koufopanou et al., 2002). This survivorship obligation is likely easier to achieve in 
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single cell organisms than amongst organisms with segregated germlines. This is 
thought to be the most likely reason for their absence amongst higher order 
organisms. Recently, it has been shown that HEGs can be engineered to confer 
new sequence specificities (Ashworth et al., 2006), thus offering the possibility of 
using these highly specific nucleases for gene disruption and gene therapy. It has 
been suggested that this 'selfish' genetic behaviour of HEGs and the novel ability to 
engineer them could be exploited to rapidly spread genetic modifications affecting 
mosquito vectorial capacity or malaria susceptibility from a few individuals of a 
laboratory to an entire population (Burt, 2003). 
The results of this study have shown that two non-engineered HEGs, I-Scel 
and I-Ppol, when expressed in An. gambiae cells and embryos, retain their ability to 
recognize and cleave episomally-provided target sequences. Analysis of I-Scel and 
I-Ppol activity in cultured mosquito cells using an interplasmid assay showed that in 
the absence of a template to prime selectable homologous recombination all 
recovered target sites contained deletions ranging from 1 to 80 bp created by HEG-
induced cleavage and subsequent NHEJ repair. Sequences recovered from 
embryos injected with the I-Scel gene contained both insertions (1-66 bp) and 
deletions (2-62 bp). It is not yet known whether the observed bias towards deletions 
in cells reflects a feature of Anopheles biology or whether it is a consequence of this 
plasmid-based selection system. Obviously, homologous recombination based 
cleavage site repair could also have occurred at high frequency but this would only 
reconstitute the cleavage site and thus the assay was only suitable for selecting for 
NHEJ repaired events. Accordingly, all targeted sites analysed were resistant to 
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subsequent I-Scel and I-Ppol cleavage in vitro as nucleotide deletions or insertions 
in the recognition site significantly impair endonuclease activity (Argast et al., 1998). 
Achieving TRD would require both DNA cleavage and repair via homologous 
recombination at the targeted site using the HEG-carrying allele as template. To 
determine the feasibility of such an approach, repair of HEG-mediated cleavage by 
homologous recombination was assessed by providing appropriate template 
sequences for repair. A functional study carried out in mosquito cells showed, that in 
the presence of I-Scel, a plasmid carrying a transcriptionally silent and incomplete 
eGFP coding sequence could function as template to repair a second non-functional 
eGFP sequence disrupted by an I-Scel cleavage site. The frequency of homologous 
repair events in mosquito cells was comparable to that previously described in 
mammalian cell lines (Monnat et al., 1999). To extend this observation to embryos, 
the SacRB-based interplasmid assay was adapted to score HR events. For this 
purpose a relatively large conversion cassette containing the tetracycline resistance 
transcription unit (Tet - 1.5 kb) was used in an attempt to simulate the relatively 
large size of a complete HEG element. While no recombinant clones were observed 
in the absence of the HEG, the precise transfer of the Tet cassette between two 
plasmids was found in 2 out of 98 events. Nine recombination events showing larger 
insertions encompassing regions of the pSL plasmid flanking the Tet cassette were 
also observed, which are likely events arising by imprecise extensions during 
homologous recombination. Results from these experiments suggest an overall 
frequency of homologous repair in embryos of -10%. Naturally, the Tet selection 
system and GFP reporter system only allow the recovery of events that have 
resulted in the complete insertions of the Tet/GFP sequences. The actual rate of 
homologous repair might be higher as the occurrence of putative recombination 
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events that resulted in the transfer of smaller fragments of Tet or GFP can be 
expected, but were selected against. Also, in none of the experiments were the 
repair donor fragments flanked by HEG half sites, a fact that is likely to reduce the 
rate of homologous repair. Together, these findings indicate in two highly predictive 
experimental systems that HEGs could be used to selectively disrupt mosquito 
genes in the mosquito germline and thus retain their gene-driving activity in 
transgenic mosquitoes. 
The second part of this project focused on the need to identify novel 
Anopheles germline-specific promoters that would suitably drive HEGs in the 
mosquito germlines. The beta2-tubulin promoter was at the beginning of this study 
the only characterised promoter for Anopheles that could drive transgene 
expression in a mosquito germline. Since the beta2-tubulin promoter is only active 
during spermatogenesis and its peak of activity is thought to occur predominantly 
post-meiotically, it was reasoned that any novel promoter identified for the purpose 
of driving HEGs should be active during the early stages of the development of the 
gonads, in an attempt to achieve HEG-induced cleavage as early as possible prior 
to chromosomal disjunction. In addition, if the promoter identified was active in both 
germlines it would permit a direct comparison between the maximum levels of HEG 
activity achievable during spermatogenesis and oogenesis. Furthermore, activity in 
both germlines would allow a comparison between which repair pathways are 
preferentially chosen in the two germlines of the two sexes. 
One the first genes to be zygotically expressed in the germline of Drosophila 
and some other species is vasa, which encodes a protein of the DEAD-Box RNA 
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helicase family (Van Doren et al., 1998). Vasa protein is essential for the assembly 
of the pole plasm found in the posterior portion of the egg and early embryo 
(Schupbach and Wieschaus, 1986). The pole plasm serves as the cytoplasm of pole 
cells, the zygotic cells reserved in development for the establishment of gonads. In 
the fly model, zygotic germline vasa expression starts immediately after gastrulation 
and continues into oogenesis and spermatogenesis persisting throughout the adult 
life cycle (Hay et al., 1988a; Hay et al., 1988b; Lasko and Ashburner, 1988). The 
regulatory regions of this gene have been used successfully to drive expression of 
transgenes in the Drosophila germline (Bischof et al., 2007; Sano et al., 2002) and 
could therefore be an excellent candidate for an early germline-specific promoter in 
Anopheles mosquitoes. Both sequence homology and analysis of the expression 
profile indicated that AGAP008578 is the An. gambiae orthologue of the Drosophila 
vasa gene. The organisation of the exon-intron structure of the locus was dissected 
and transgenic reporter strains utilizing different sequences upstream of the vasa 
gene provided information about the regulatory regions required to mirror the 
endogenous vasa transcription pattern. The constructs generated demonstrated that 
regions spanning the An. gambiae vasa gene can be utilized to drive transgene 
expression in the mosquito germlines. Interestingly, divergent expression patterns 
were observed when using different parts of 5' putative regulatory regions. 
The Anopheles vasa gene has two alternative transcription start sites 
(TSSs). The most 5' TSS defines the start of the first exon (exonlA) which is 
followed by a comparatively large first intron. The second TSS is located 
downstream of the first TSS within sequences encompassing the first intron of the 
previous transcript structure. When the second TSS is used exonlA is not 
incorporated in the transcript sequence and the length of the first intron is 
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approximately halved beginning with exon1B. The importance of these alternative 
TSSs remains unknown and both are used in all tissues in which vasa is expressed. 
In transgenic strains, expression was restricted to late spermatogenic stages 
of the male germline with one of the two constructs generated (Vast GFP) that only 
contains exon 1 a of the 5'UTR and 2kb of upstream sequences. This construct 
lacks all transcript sequences downstream of exonla, including the second TSS. 
The second construct, (Vas2GFP), that contains the entire 5'UTR and only 380bp of 
upstream sequence directed the eGFP expression in early germline cells of both 
germlines throughout development including the GSCs of both sexes. These results 
suggested that regulatory elements essential for female germline expression are 
located within the 5' UTR downstream of exonla. The data also suggested that 
elements important for expression in the early GSCs of both sexes map to this 
region. The exact function of these female and/or early regulatory elements 
important for germline expression remains unknown. It is possible that these two 
distinct expression phenotypes map to independent regulatory elements. If so, they 
could function cooperatively or independently of each other. For example, 
expression in later stages of the female germline, may depend on expression in 
previous developmental stages although in males lack of expression in the GSCs of 
Vas1GFP testes does not abolish eGFP expression later on during 
spermatogenesis. Uniform eGFP distribution was observed in ovarian nurse cells 
and in laid embryos as a result of maternal deposition from transgenic Vas2GFP 
females. This pattern does not match the expected localisation of endogenous vasa, 
as inferred from experiments in Drosophila. In this species vasa protein localizes to 
the posterior end of the embryo, which will later develops into the pole plasm, 
whereas in the ovarian nurse cells it is found exclusively in the perinuclear region 
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(Hay et al., 1988a; Hay et al., 1988b). In Drosophila localization to the posterior pole 
of the embryos requires a putative protein localisation motif of the Vasa N-terminus, 
which is absent from our eGFP reporter, but which has been shown to be essential 
for localization of a GFP fusion protein to the pole plasm of Drosophila embryos 
(Sano et al., 2002). Such an amino acid sequence, if identified within the Anopheles 
vasa coding sequence could be used to specify transgene localization to the pole 
plasm although such localisation may interfere with transgene function. 
I reasoned that in general, it is likely that strong expression in the female 
germline (especially in mature nurse cells of ovarian follicles) is going to be tightly 
associated with embryonic maternal deposition. As many gene drive systems may 
depend on expression of effector molecules in the female germline, computational 
models were generated to examine the possible impact of maternal deposition on 
the outcome one such gene drive system, the HEG based strategy (Burt, 2003; 
Deredec et al., 2008). The simple models generated predict that fixation of the HEG 
in the target population can occur even when HEGs are maternally deposited, and 
this is regardless of whether this leads to HEG-homing or induces mutation of target 
genes in the embryo. However, the mean frequency of HEG alleles within the 
population at the time of fixation can be moderately reduced by maternal deposition 
if no homing occurs in embryos. If homing does occur in embryos our models 
suggest that the frequency of mean population fitness, i.e. the fraction of females in 
the population whose reproductive potential remains unaffected, reaches a lower 
level as opposed to strategies without maternal deposition. Classical HEG based 
driving constructs are predicted to invade a population even at low rates of 
homologous repair. If the endonucleases are maternally deposited a minimum 
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threshold value of homing rate is required for such constructs to invade in reference 
to the probability of target cleavage. 
Having generated simple computational models to predict the behaviour of 
proposed invasive HEG constructs, alternative applications of the vasa regulatory 
regions in transgenic control methods were considered. Non-invasive control 
strategies like the SIT or RIDL depend on the ability of released males to negatively 
affect the reproduction of the females they mate with. However, to achieve a 
substantial impact on the size of the target population these strategies rely on 
continuous large-scale releases because dominantly lethal genes or sterile males 
quickly disappear from the population. I reasoned that if the advantages of genetic 
drive and dominant sterility could be combined, substantially more efficient control 
approaches could be created. The idea of linking genetic drive, or at least achieving 
short bursts of increased segregation of transgenes, with RIDL has been suggested 
before (Thomas et al., 2000), although a precise mechanism with which this could 
be achieved was not coined. Here I have proposed and modelled a mechanism for 
such a system: If a HEG was engineered to target a female fertility gene that exerts 
its function only in the female germline at a time point after initiation of transcription 
of the vasa promoter, expression of the HEG from the vasa regulatory regions 
would lead to dominant sterilization of females expressing the HEG. As the HEG will 
dominantly sterilize females but will spread in males it's persistence in the 
population is dramatically increased, although it remains non-invasive in the long 
run. Computational modelling was used to compare this approach to classic 
inundative control strategies like SIT and RIDL. The models suggest that this 
approach remains non-invasive even at high homing rates and that the HEG will 
ultimately disappear. However, the effect on population reproduction, as measured 
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by the amount of sterile females produced per released mate, is predicted to be 
several fold higher than the effect of SIT or RIDL, depending on the rate of homing 
achieved. In terms of other control strategies that could benefit from the vasa 
regulatory regions, the observation that Vas2GFP is able to deposit the products of 
transgenes into embryos may also allow the construction of maternal-effect selfish 
genetic elements for Anopheles control (Chen et al., 2007). 
Overall, the Vas2GFP driven GFP transgene is an excellent germline marker for 
mosquitoes and allows expression in the germ line stem cells of both sexes. 
Expression in gonads can be observed throughout development from early larval 
stages to the reproductive tissues of adult mosquitoes. In addition to providing the 
opportunity of studying basic biological questions the expression pattern and the 
strong intensity of fluorescence make the Vas2GFP lines a suitable reporter system 
to identify compounds interfering with gonad development. Using a combination of 
high throughput fluorescent sorting of larvae and a combinatorial library it could 
therefore be used to screen for active substances e.g. inducing chemical 
sterilization. The injection of dsRNA species into embryos to interfere with germline 
development has already been performed (Magnusson unpublished) and 
expression of eGFP in these transgenics has proven to be a extremely reliable in-
vivo predictor for the incidence of a developing germline. 
The final chapter of this thesis focused of the development of HEG-based X-
shredding sex ratio distorter. During the first investigation of this study the I-Ppol 
recognition site was identified in the 28S rDNA gene within domain V of the 28S 
rRNA, a region that forms the peptidyl transferase centre of the ribosome. This 
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sequence is among the most conserved sequences in the entire eukaryotic 
kingdom. It is thus no surprise that I-Ppol, and in fact a number of other selfish 
genetic elements like retro-transposons and LINE-like elements, have evolved to 
home in on this site. In some mosquito species, including at least two members of 
the A. gambiae complex, the rDNA repeats are exclusively located in the 
centromeric region of the X chromosome (Collins et al., 1987; Collins et al., 1989; 
Paskewitz and Collins, 1989; Paskewitz and Collins, 1990). The observation that I-
Ppol can specifically recognise and cleave this vital target sequence in A. gambiae 
cells, inducing cell proliferation arrest and presumably cell death, raised the 
possibility of whether this arrangement could be manipulated to selectively destroy 
the X chromosome for purposes of vector control. If specifically expressed during 
male meiosis, I-Ppol could distort the sex ratio towards males by selectively 
incapacitating X-carrying spermatozoa (Burt, 2003). A synthetic male sex distorter 
combining the specificity of I-Ppo/ together with its potential genetic drive activity if 
placed on the Y chromosome could knock down a wild-type Anopheline population 
in a few tens of generations (Burt, 2003; Huang et al., 2007). 
To investigate the possibility of creating such a system two independent An. 
gambiae lines were generated, 132Ppo1 and [32Ppo2, carrying the construct 
pBac{3xP3-DsRed}(32-eGFP-I-Ppo/ in distinct autosomal regions of the genome. 
The transformation construct directed expression of an eGFP-fused 1-Ppol 
endonuclease from the regulatory regions of the I32-tubulin promoter. The 132-
tubulin promoter, as discussed above, is exclusively active during late stages of 
spermatogenesis (Catteruccia et al., 2005). Males originating from crosses between 
heterozygous 132Ppo females and WT males showed, starting from late 3rd instar 
larvae, a strong green fluorescence signal exclusively localized in the testes, 
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indicating that the eGFP::I-Ppo/ fusion protein was being produced in spermatozoa 
according to the anticipated expression pattern of the [32 tubulin promoter. Southern 
blots were performed which confirmed that in the testes of (32Ppo males ribosomal 
DNA was cleaved at the I-Ppol site indicating that the endonuclease component of 
the eGFP::I-Ppo/ fusion protein retained its ability to cut the X chromosome in vivo. 
Intriguingly, heterozygous I32Ppo males were completely sterile. To understand the 
molecular basis of this phenotype, experiments were performed to investigate 
whether the expression of I-Ppol disrupted the process of spermatogenesis or 
impaired the ability of spermatozoa to enter eggs. Microscopic analysis indicated 
that the testes of 32Ppo males produced spermatozoa morphologically identical to 
those of wildtype mosquitoes. Dissection of female mosquitoes mated with 32Ppo 
males confirmed that the spermatozoa had been successfully transferred to the 
spermathecae, so in terms of sperm synthesis these mosquitos appear completely 
normal. In embryos, confocal microscopy showed the presence of both the female 
and male pronuclei and PCRs confirmed the presence of Y chromosome, indicating 
that these sperm were able to fertilise eggs. Taken together, these experiments 
demonstrate that 32Ppo males produced competent and viable spermatozoa. 
Nuclear staining revealed that the development of embryos fertilised by sperm of 
132Ppo males was arrested very early in their development, probably at a point 
before the fusion of the male and the female pronuclei. Experimentation with these 
embryos provided some tentative clues that allowed us formulate a molecular 
explanation for the early dominant lethality induced by 32Ppo sperm: Although 
spermatozoa carrying the transgene had fertilized only half of the eggs, as inferred 
by PCR genotyping, confocal microscopy and subsequent 3D fluorescent 
reconstructions of sperm nuclei isolated from the female spermathaeca, indicated 
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that all spermatozoa, irrelevant of whether they are genetically wild type or 
transgenic, showed some level of eGFP fluorescence. It was reasoned that this is 
likely linked with the syncytial nature of sperm formation, during which active I-Ppol 
could be produced in transgenic spermatozoa and move across the cytoplasmic 
bridges to inhabit genetically wild type spermatozoa thus justifying why all the sperm 
generated by I32Ppo testes and not only the transgenic population induced the 
observed phenotype. Evidence for the mechanism of genetic sterility was eventually 
assembled using experiments that characterised the nature of the two identifiable 
nuclei within the developmentally arrested embryos. What we originally defined as 
the male nucleus (due to its comparatively small size and location close to the 
micropyle), stained positive with anti-eGFP antibodies in all embryos examined, 
indicating that active I-Ppol was delivered by all sperm into fertilised embryos. The 
female pronuclei on the other hand reacted with antibodies directed against y-
H2AX, an indicator for the occurrence of double strand DNA damage. These 
findings together suggested that I-Ppol was actively delivered to the fertilised 
embryos, where it would find the female nucleus and cleave its X chromosome. 
Since the female nucleus at this point is in the finalising stages of meiosis just prior 
to pronuclear fusion we argued that DNA damage, as inferred by indicators of DNA 
double stranded breaks, and more specifically shredding of the nucleolus organising 
centre, which is formed by the rDNA genes, would irreversibly arrest embryonic 
development. 
An obvious extension of with this hypothesis soon emerged: since I-Ppol 
activity against the maternal X chromosome is responsible for the unconditional 
developmental arrest of all the embryos that are fertilised by sperm that contain 
varying amounts of the endonuclease, a similar effect should be detectable as a 
- 183- 
Discussion 
result of I-Ppol activity in spermatozoa harbouring the X chromosome and 
accordingly a bias in the production of Y-chromosome bearing sperm should be 
observed. Indeed, a genetic analysis of the arrested embryos revealed that more 
than 80% had originated from eggs that had been fertilised by spermatozoa carrying 
the Y chromosome. Presumably, this bias towards successful fertilisations by Y 
chromosome bearing sperm is a result of the incapacitation of X chromosome 
bearing sperm during the process of spermatogenesis. It is also possible that the 
remaining embryos had been fertilised by spermatozoa lacking both chromosomes 
X and Y. 
Although of no immediate practical application due to embryo lethality, these 
results demonstrate that this synthetic sex distortion mechanism can be useful and 
potentially improved. The problem faced is that although I-Ppol activity in 
spermatogenesis does induce the necessary TRD of the Y chromosome, by 
eliminating X bearing sperm, I-Ppol remains active at the point of fertilisation 
therefore "masking" the desired male biased offspring phenotype with complete 
paternal genetic sterility. Work is currently underway to limit the activity of I-Ppol to 
spermatogenesis by regulating the stability of the endonuclease in the hope that 
reduced enzyme half life will abolish I-Ppol activity in embryos. 
Obviously and finally, the development of the transgenic lines 82Ppo1 and 
(32Ppo2 has some direct implications for the implementation of vector control 
measures based on genetically modified mosquitoes. Both lines meet a number of 
desirable requirements for SIT, including: i) a visible marker for monitoring male 
dispersal and competitiveness, ii) a validated sexing system that can effectively be 
automated; and iii) complete and dominant genetic male sterility. Small scale 
laboratory cage experiments were performed that indicate that at least with the 
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conditions tested [32Ppo male mosquitoes are not impaired in their ability to mate 
with WT females, when these a given a choice between wildtype males and 82Ppo 
transgenic males. Since the I-Ppol site is located in a very conserved region of the 
eukaryotic genome, this could open the possibility of introducing this method of 
male genetic sterility to other insect pests. 
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